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ABSTRACT 
 
Gruner, William E. M.S., Department of Biological Sciences, Wright State University, 
2007.  The community structure of Methanogens, Methanotrophs, and Ammonia 
Oxidizing Bacteria in vertical flow greenhouse wetland mesocosms exposed to PCE. 
 
 
Chlorinated ethenes are among the top contaminants on the EPA National Priorities List 
due to their abundance in contaminated sites and their recalcitrant nature.  These 
compounds, which are used in large scale degreasing and textile processes, are known 
liver and kidney toxins, and suspected carcinogens.  Wetland ecosystems are capable of 
degrading PCE and its breakdown products TCE, DCE, and VC by providing anaerobic 
and aerobic growth conditions for microbes that express enzymes such as dehalogenases 
and monooxygenases with dual affinity for chlorinated solvents.  Greenhouse mesocosms 
at Wright State University are used to mimic field conditions at a treatment wetland at 
W.P.A.F.B., while providing the ability to determine the influence of specific plant 
species.  Functional gene analysis for methanogens, methanotrophs, and ammonia 
oxidizing bacteria shows the presence of these organisms at all locations, regardless of 
planting and depth.  Rarefaction analysis shows that methanogens have the highest 
species richness and ammonia oxidizers have the lowest species richness.  Ammonia 
oxidizers are influenced by port depth but not the presence or absence of plants, while 
methanogens and methanotrophs are influenced by both planting and port depth.  The 
central portion of the columns, represented by port 3, support the lowest species richness 
overall.  The community structure of all three functional groups combined is not 
significantly different between planted and non-planted columns, however there is a 
significant difference between the community structures in ports 2 and 3, and ports 2 and 
5.  Water nutrient analysis shows changes in ammonia, nitrate, nitrite, pH, and 
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conductivity in the upper portions of the columns that demonstrate a switch from overall 
anaerobic conditions to overall aerobic conditions.  Methane production primarily occurs 
in the lower portions of the columns, while methane and ammonia oxidation occur 
primarily in the upper portions of the columns.  Column soil analysis shows an increase 
in soil and root organic content in the top portions or planted columns, and a decrease in 
bulk density and an increase in water content in all columns 
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I. INTRODUCTION 
Chlorinated ethenes as groundwater contaminants 
Ground water contamination poses a serious threat to natural ecosystems and public 
health worldwide.  Among the present contaminants, chlorinated hydrocarbons are 
common and significant threats in many areas.  These compounds are used in dry 
cleaning processes and heavy duty degreasing processes, and as a result have been 
inadvertently introduced into the environment through disposal or containment leakage.  
Free chlorinated hydrocarbons eventually percolate into the aquifer, creating a plume of 
contamination.  In the USA alone, there are over 1400 chlorinated ethene contaminated 
sites currently placed on the USEPA National Priorities List (NPL).  The high density 
and low solubility of these compounds causes them to be recalcitrant in the ground water, 
making their presence a problem that must be addressed (Lee et al., 1998).  
Perchloroethylene, or PCE (also known as tetrachloroethylene), is of high concern 
because it is reported to cause liver and kidney damage, while it has also been shown to 
be carcinogenic after long-term exposures (Lorah and Olsen, 1999).   
 
Fortunately, many biotic and abiotic mechanisms have been developed to treat 
chlorinated ethenes by way of removal or degradation.  A primary abiotic system uses 
air-stripping towers that enhance the volatilization of hydrocarbon contaminants, though 
this is an inefficient method of remediation both monetarily and temporally (Lee et al., 
2006).  Efficiency aside, this method does not actually convert the contaminants into 
hazardless compounds, but merely relocates them to areas (atmosphere in the case of air 
strippers) where the potential for human consumption is decreased.  Other abiotic 
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remediation systems, such as copper with chloride green rust (Maithereepala and Doong, 
2005) and permanganate (Tunnicliffe and Thomson, 2004) may be used treat chlorinated 
ethenes chemically, though these methods are inefficient on a temporal and monetary 
scale as well.  The high cost of these abiotic methods is often associated with long-term 
maintenance.  Among the biotic systems that have been investigated, wetland ecosystems 
possess the ability to remediate a wide range of contaminants such as chlorinated 
hydrocarbons, agricultural pollutants, and heavy metals by way of bioaccumulation, 
chemical and enzymatic degradation, and transpiration (Lorah and Olsen, 1999).  This 
process, known as natural attenuation, utilizes natural biological systems that require 
little to no bioaugmentation in order to accomplish degradation.  The initial set up cost of 
a bioremediation wetland is low in comparison to abiotic systems, and little to no long-
term maintenance is required.   
 
Many chlorinated compounds are found naturally, therefore microorganisms have 
developed adaptations for utilizing these, and possibly man-made, compounds for 
energetic or cellular carbon-yielding processes (Gribble, 1994).  Different dechlorination 
processes occur under either anaerobic or aerobic conditions, involving both metabolic or 
cometabolic interactions.  Understanding the dynamics of the organisms responsible for 
degradation will help to achieve optimal degradation rates of chlorinated ethenes and will 
allow ecosystems to be assessed for degradation capabilities. 
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Anaerobic degradation 
Under the anaerobic conditions provided by the water saturated organic soil in wetlands, 
chlorinated ethenes such as PCE are broken down sequentially into several products.  
Anaerobic PCE degradation yields the daughter products trichloroethylene (TCE), 1,1-
dichloroethylene (DCE), cis-1,2-dichloroethylene (cis-DCE), trans-1,2-dichloroethylene 
(trans-DCE), vinyl chloride (VC), and in some cases ethylene (Figure 1) and carbon 
dioxide (a byproduct of methanotrophic cometabolism under nearby aerobic conditions) 
(Lorah and Olsen, 1999).  Because dehalogenation is a reductive process, it occurs in a 
stepwise manner from the most oxidized compound to the most reduced, beginning with 
PCE degradation in predominantly anaerobic soils at lower depths, all the way to VC 
degradation under aerobic conditions near the soil surface.  These chlorinated breakdown 
products are also harmful substances (particularly VC), therefore it is desirable to achieve 
complete dechlorination to ethylene and CO2.  Similarly, chlorinated ethanes are broken 
down sequentially as well, if present (Lorah and Olsen, 1999).   
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Figure 1: Anaerobic dechlorination of PCE and daughter products.  Dechlorination of TCE is often stopped 
with the formation of cis-1,2-DCE, whereas other DCE isomers are commonly dechlorinated completely to 
ethene.  Illustration from Bishop, 2006. 
 
 
 
Anaerobic or reductive PCE dechlorination steps are often mediated by dehalogenase 
expressing soil bacteria, including species such as Bacterium DF-1 (Miller, 2005) and 
Dehalococcoides ethenogenes Strain 195 (Regeard, 2005), which perform single or 
complete dehalogenation events, respectively.   There are several classifications of 
dehalogenase enzymes, which utilize a wide breadth of substrates.   These classifications 
are based on reaction type (determined by product analysis), DNA sequence homologies, 
cofactor requirements, site-directed mutagenesis, and X-ray crystallography (Janssen et 
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al., 1994).  The dehalogenase that is of interest to us in the wetland system under study is 
reductive dehalogenase (RDH).  
 
In addition to RDH, some bacteria perform steps in the PCE degradation pathway 
through less studied mechanisms.   Examples include the conversion of PCE to TCE by 
Pseudomonas spp. through anaerobic respiration, TCE conversion to VC by anaerobic 
sulfate-reducing bacteria such as Desulfovibrio spp., and PCE conversion to VC by 
anaerobic, acetate utilizing methanogenic consortia (Vogel and McCarty, 1985).  
Additionally, some methanogens are capable of driving vinyl chloride degradation 
(Heimann et al., 2006).  These dechlorination processes require electron donors such as 
methanol, ethanol, lactate, and hydrogen, and rely heavily upon a complicated 
infrastructure of plant roots and microbes that provide essential geochemical and redox 
conditions for supporting the breakdown process (Lee et al., 1998).  Several concurrent 
reduction processes under anaerobic conditions correlate positively with reductive 
dehalogenation, such as iron reduction, sulfate reduction, and methanogenesis (Lorah and 
Voytek, 2004).  In this study, methanogen sequences are analyzed to study a portion of 
the anaerobic degradation processes. 
 
Aerobic degradation 
In addition to anaerobic degradation of chlorinated hydrocarbons, microorganisms 
inhabiting aerobic microhabitats in soils degrade the reduced daughter products of PCE.  
For example, ammonia oxidizing bacteria and methanotrophic bacteria produce ammonia 
monooxygenase and methane monooxygenase, respectively, which have a dual affinity 
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for TCE, DCE, and VC.  The dual affinity of these monooxygenases leads to the 
dechlorination of chlorinated ethenes under aerobic conditions (Bowman, 1999).  This 
process is cometabolic, in that the bacteria themselves achieve no gain from this process 
(in fact, putting energy and resources into these enzymes may actually present a 
disadvantage).  Aerobic degradation of chlorinated ethenes by monooxygenases involves 
the formation of chloroethene epoxide intermediates (Figure 2), and favors the 
compounds from high to low preference in the order of VC, DCE, and TCE (Lee et al., 
1998).  Due to the circumneutral pH of many wetland soils, the product of aerobic 
degradation by monooxygenases will often be dichloroacetate, which is broken down in 
to CO2.  Ultimately, these monooxygenases are responsible for the production of CO2 
from chlorinated ethene degradation, providing non-hazardous final products.  Aerobic 
chlorinated ethene degradation can take place throughout soils and sediments that have an 
anaerobic to aerobic gradient, where there is abundant dissolved oxygen and positive 
redox conditions (Lee et al., 1998).  To study a portion of the aerobic processes, AMO 
and MMO sequence diversity patterns are investigated in this project.   
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Figure 2: Aerobic degradation of chlorinated ethenes via epoxide formation.  Trichloroethylene is used as 
an example.  The catalyst enzyme can be MMO or AMO.  The products of epoxide breakdown are pH 
dependant, forming compounds that are subject to consumption by other bacteria.  Figure modified from 
both Vogel et al., 1987 and Brigmon, 2001. 
 
 
Plant and microbial interactions 
The mutualistic relationship between plants and soil microorganisms is very complex, 
and involves the exchange of many primary and secondary metabolites across micro- and 
macroscopic spatial scales.  Factors including the depth of soil, soil organic and water 
content, soil nutrient composition and concentration, plant species, microbial 
composition, and root exudates control the dynamics of this relationship (Rovira, 1965).  
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and microbes that are present, and therefore indirectly influence the interactions that will 
occur.  Factors that directly influence the relationship between plants and microbes 
include microbial metabolic activity and root exudation (Rovira, 1965).  
 
Plant roots penetrate the soil and exude compounds such as large and small 
carbohydrates, amino acids, organic acids, phenolics, tannins, proteins, and gases such as 
oxygen, carbon dioxide, and ethylene (Bertin et al., 2003).  Other plants and microbes 
utilize many of the small molecular weight compounds, while the large polysaccharides 
are often used to form mucigel, which lubricates the root tip to allow for easier growth.  
This mucigel is also involved in the formation of biofilms, which trap gases and nutrients 
while helping bacteria to adhere to root surfaces (Bertin et al., 2003).  This biofilm allows 
for a close association between plants and soil bacteria, which provide sources of 
nitrogen and phosphorous to the plant, often in exchange for carbohydrates.  
Additionally, there are bacterial endophytes that may have an even closer association 
with plants than bacteria that adhere to roots via biofilms (Rovira, 1965). 
 
Exudation of oxygen, however, is one of the most important regulators of plant-microbe 
interactions and is of particular interest in this project.  For example, plants translocate 
oxygen to below ground tissues for respiration, and a significant amount of this oxygen 
(6 kPa partial pressure) diffuses out of the root (up to ~400µm) from active root tips, 
though the rate and depth of oxygen exudation may vary depending on species and 
substrate (Armstrong et al., 2000).  Due to microbial consumption by aerobic processes, 
the oxygen exuded does not often exit the rhizoplane (the portion of soil and associated 
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microbial communities directly adhering to root surfaces (Gamalero et al., 2003), often 
by biofilm and ferrihydrite formations), thereby creating aerobic and anaerobic 
microenvironments.  Some bacteria responsible for oxygen consumption are methane and 
ammonia oxidizers, which may transfer electrons essential for the reduction of PCE and 
TCE into the anaerobic soil, in addition to degrading chlorinated ethenes via 
cometabolism.  PCE degradation takes place in the anaerobic portion of soil that exists 
outside of the oxygen exudation and consumption zone.  These processes together occur 
throughout the rhizosphere, which is the bulk soil mass that is influenced by root 
exudation both directly and indirectly (Gamalero et al., 2003).   Oxidative bacteria can 
interact synergistically with reductive bacteria to convert PCE and its degradation 
products into innocuous compounds in this manner (Lee et al., 1998).   
 
Because of the relationship between aerobic and anaerobic sediments, the microbial 
communities involving methanogenic (methane producing) bacteria in the anaerobic 
rhizosphere and methanotrophic (methane oxidizing) and ammonia oxidizing bacteria in 
the aerobic rhizoplane play a significant role in the PCE bioremediation process.  
Because of the aerobic to anaerobic soil gradients present in wetlands, it is expected that 
most of the microbial communities associated with root zone oxidation would decrease in 
both abundance and species diversity with increased distance from the root throughout 
the rhizosphere and bulk soil.  Conversely, it may be expected that the microbial 
communities associated with reductive processes would increase in abundance and 
diversity with increased distance from the root. 
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Methane producing bacteria 
Methanogenic bacteria, which are capable of producing methane from the breakdown of 
organic carbon sources, are all microorganisms within the domain Archaea.  All of the 
methanogens that have been successfully cultivated are in the kingdom Euryarchaeota, 
while 16S profiles have suggested that some methanogens may also be located within the 
kingdom Crenarchaeota (Nicol et al., 2003).  Some known genera of methanogens 
include Methanococcoides, Methanolobus, Methanobrevibacter, Methanobacterium, 
Methanopyrus, Methanohalophilus, and Methanosarcina (Sheppard et al., 2005).  These 
diverse organisms are widely distributed, as they exist in wetland ecosystems, compost 
piles, and rice paddies, as well as bovine rumen and mammalian intestines (Galand et al., 
2002; Neue et al., 1996; Skillman et al., 2006).  Because oxygen is toxic to methanogens, 
all of these environments must be strictly anaerobic for these microorganisms to survive 
(Reeve, 1992).  The production rate of methane can vary from nearly undetectable rates 
to high production rates that are capable of influencing global warming from a single 
source.  The net global methane production is largely due to animal gas excretion, closely 
followed by rice paddies and wetlands (Reeve, 1992), and contributes to global warming 
at a rate that is twice that of CO2 (Kiehl and Dickinson, 1987).   
 
Interestingly, methanogens contain the genes for superoxide dismutase (SOD) that are not 
expressed in the methanogens but will express when transformed into E. coli (Takao et 
al., 1990).  Methanogens also possess the genes for nitrogen fixation (nif) in their 
genome, yet no longer are able to fix nitrogen.  This could indicate that methanogenic 
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archaea were once multi-function organisms, but through evolution have lost the function 
of several genes and specialized to optimally produce methane (Reeve, 1992).   
 
Methanogens produce methane directly from the methyl groups of methanol, 
methylamines, and acetate, or indirectly from methyl groups produced by the reduction of 
CO, CO2, or formate.  These methyl groups are reduced to methane after coupling with 
coenzyme M using the enzyme methyl coenzyme M reductase (MCR).  Genes for this 
enzyme are often used to identify the presence of methanogens using molecular methods.  
The reducing equivalents for these reactions are derived from H2, acetate, formate, and 
secondary alcohols using the enzymes hydrogenase, carbon monoxide dehydrogenase, 
formate dehydrogenase, and secondary alcohol dehydrogenase, respectively (Reeve, 
1992).  Because methane is a powerful greenhouse gas and methanogens contribute up to 
85% of atmospheric methane produced per year, they have been the focus of many 
environmental studies.  Methane production also plays an important role in many 
microbial communities.  Methanogens influence the availability of organic carbon for 
other organisms, as well as the availability of methane, which is selectively competed for 
over other carbon sources such as chlorinated hydrocarbons by methane monooxygenases 
from methanotrophic bacteria (Bishop, 2006).  Cellulolytic bacteria often produce the 
substrates that methanogens use, an association that is largely responsible for the process 
of plant decomposition (Leschine, 1995).  The decomposition of plant roots and sub-
surface plant detritus therefore drives the activity of methanogenic communities, 
strengthening the relationship between the presence of plants and chlorinated solvent 
degradation. 
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Acetate-utilizing methanogens, such as those in the Methanosarcinaceae family, produce 
hydrogen that can be used by sulfate reducing bacteria, hydrogen utilizing methanogens, 
and reductive dehalogenators (Heimann et al., 2006).  Aceticlastic hydrogen production is 
thermodynamically favorable when hydrogen is consumed (Heimann et al., 2006), 
therefore methanogenesis and reductive dehalogenation of chlorinated ethenes can propel 
each other when occurring simultaneously.  Because methanogenesis and the reductive 
dehalogenation of PCE both occur anaerobically, methanogenic hydrogen transfer is 
mostly to be involved with the conversion of PCE to TCE.  Methanogens also support the 
aerobic bioremediation of chlorinated solvents by providing methane for methanotrophs, 
which in turn cometabolize TCE, DCE, and VC (Bowman, 1999). 
 
Methane oxidizing bacteria 
Methanotrophs are bacteria that can utilize methane or methanol as their sole carbon 
source.  They are a subdivision of methylotrophic bacteria, which can only utilize single 
carbon molecules as a carbon source.  The methanotrophs are divided into two families, 
the Methylococcaceae and the Methylocystaceae.  The Methylococcaceae, which are β-
Proteobacteria also known as Type I methanotrophs, include the genera Methylobacter, 
Methylomonas, Methylosphaera, Methylomicrobium, Methylococcus, and Methylocaldum 
(Bowman, 1999). The first four genera listed are characterized by mesophilic growth and 
irregular cell morphology, while the last two genera, also known as Type X 
methanotrophs, are thermophilic or thermotolerant coccus shaped, cyst forming cells.  
The family Methylocystaceae, or Type II methanotrophs, consists of the genera 
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Methylocystis and Methylosinus.  They are α-Proteobacteria characterized by mesophilic 
growth, rod shaped cell morphology, and exospore formation (Bowman, 1999).   
 
Methanotrophic bacteria oxidize methane into methanol.  Methanol is oxidized into 
formaldehyde, which is then used as a carbon source.  Excess formaldehyde is further 
oxidized into carbon dioxide (Figure 3).   
 
 
 
Figure 3: Aerobic and anaerobic oxidation of methane.  Above: Aerobic methane oxidation.  The enzymes 
catalyzing each reaction are shown in parentheses above the reaction arrows, and the energetic yields and 
inputs are shown below.  Formaldehyde is used as a carbon source, while excess formaldehyde is oxidized 
to carbon dioxide (modified from Lipscomb, 1994).  Below: Anaerobic methane oxidation, often performed 
by methanogens, is coupled with sulfate reduction, performed by sulfate reducing bacteria (modified from 
Mancinelli, 1995).   
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The enzyme responsible for the biological conversion of methane to methanol is methane 
monooxygenase (MMO), which exists as both a particulate form (located within the 
intracytoplasmic membrane, or ICM) and a soluble, cytoplasmically localized form.  The 
ICM is an assemblage of inclusions that reside in the cytoplasm of the cell, but is directly 
connected to the interior of the cellular membrane (Figure 4).   
 
 
Figure 4: Example of bacteria showing the Intracytoplasmic Membrane (ICM).  Although the small 
membrane units appear to be floating freely throughout the cytoplasm, they are actually connected to the 
top and bottom of the cell (plan view).  Illustration from www.bactwisc.edu/Microtextbook/ 
 
 
All methanotrophs contain the particulate MMO (encoded by the genes pmoA and 
pmoB), while only Type II and some Type X methanotrophs (Brigmon, 2001) produce 
the soluble MMO (encoded by the genes mmoX, mmoY, and mmoZ).  Methanotrophs 
grow best aerobically although they may grow in low oxygen environments, and require 
an atmospheric methane composition of 10-50% (Bowman, 1999). Methanotrophs will 
often inhabit the aerobic zones of the rhizoplane and rhizosphere mentioned earlier, 
consuming oxygen exudates and the methane produced by methanogens.  The rate of 
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methane oxidation can therefore influence the impact of a wetland or rice paddy on 
global warming.  Aside from the aerobic oxidation of methane, anaerobic methane 
oxidation may occur by coupling to sulfate reduction, often by methanogens themselves 
in a process called reverse methanogenesis (Figure 3).  The reduction of sulfate is 
commonly associated with bacteria such as Desulfovibrio spp. (Strous and Jetten, 2004). 
 
There are numerous uses for methanotrophic bacteria, aside from oxidizing methane to 
prevent ozone depletion.  In industry, methanotrophs are used to produce epoxides, 
benzaldehydes, alcohols, methylketones, phenlyphenols, sulfoxides, and hydroquinone 
(Bowman, 1999).  The most important role of methanotrophs for this project is the 
cometabolic dual affinity of methane monooxygenase for chlorinated ethenes. 
Methanotrophs can degrade TCE, DCE, and VC, however the growth of these bacteria is 
limited by PCE (Strous and Jetten, 2004).  The implication is that these organisms may 
reside in close proximity to PCE degrading organisms where the daughter products are 
readily available, but the anaerobic and aerobic degradation processes will not occur 
within a single microclimate.  Individual species of methanotrophs are not identical in 
their bioremediation capabilities, so species composition can have an influence on 
degradation efficiency.  Soluble MMO (sMMO) has a much higher rate of chlorinated 
ethene degradation than particulate MMO (pMMO), meaning that all methanotrophs are 
capable of degradation but those which express sMMO are more suited for 
bioremediation (Brigmon, 2001).  Additionally, methanotrophs naturally possess the 
ability to dechlorinate dichloromethane via the enzyme dichloromethane dehalogenase 
(dcm) (Lidstrom and Stirling, 1990).  It is then conceivable that methanotrophs could use 
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two separate enzymes to remediate chlorinated ethenes (if dcm has a broad affinity), or 
that they may be able to attack two different chlorinated compounds simultaneously. 
 
Ammonia oxidizing bacteria 
Similarly, the ammonia oxidizing bacteria (AOB) such as the β-proteobacteria 
Nitrosospira multiformis and Nitrosomonas eutropha, or the γ-proteobacteria 
Nitrosococcus halophilus and Nitrosococcus oceani, use ammonia monooxygenase 
(AMO) to oxidize ammonia into nitrite, which is subsequently oxidized to nitrate by 
bacteria such as Nitrospira spp. (Figure 5).   
 
Aerobic ammonia oxidation 
(A) 2H+ + NH3 + 2e- + O2  NH2OH +H2O 
(B) NH2OH + H2O  HONO + 4e- + 4H+ 
(C) NO2- +1½O2  NO3- 
 
Anaerobic ammonia oxidation 
(D) NH2OH (or NH3) + NO2 (or N2O)  NO3 + H2O 
(E) NH3 + NO3  NH2OH + hydrazine  N2 
 
Figure 5: Aerobic and anaerobic ammonia oxidation.  Aerobic:  the first oxygen added to ammonia (A) is 
derived from atmospheric oxygen, whereas the second two (B and C) are derived form water.  Anaerobic: 
anamox bacteria catalyze (D) with AMO, while (E) is catalyzed by HAO (hydroxylamine oxidoreductase).  
Illustration was modified from Kowalchuk and Stephen, 2001.   
 
 
AMO can only utilize NH3, rather than NH4+ ions, meaning that ammonia oxidizing 
bacteria generally have a pH requirement of 7 or higher.  The conversion of 
ammonia/ammonium to a negative ion (NO2-, NO3-) mobilizes nitrogen from soil 
particles, allowing for better uptake by plants and other microbes (Kowalchuk and 
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Stephen, 2001).  Most ammonia oxidizing bacteria are aerobic, and therefore grow in 
well-aerated soils or at the interface of sufficient oxygen concentrations within soils that 
possess aerobic to anaerobic gradients.  Simply, these oxygenating bacteria exist 
ubiquitously in aerated soils, but are found adhering closely to plant roots in water-
saturated soils.  At the oxic-anoxic interface, these bacteria grow in close proximity to 
sulfate reducing bacteria and methanogenic Archaea (Kowalchuk and Stephen, 2001).  
There are also anaerobic ammonia-oxidizing bacteria, or anammox, which catabolically 
oxidize ammonia using nitrite in a process that leads to atmospheric nitrogen, but it has 
not been determined whether AMO is responsible for this process (Strous and Jetten, 
2004).   
 
The enzyme AMO, much like MMO, exists as both a soluble, cytoplasmically located 
monooxygenase (sAMO) and a particulate, membrane bound monooxygenase (pAMO) 
(Vinchurkar, 2004).  Ammonia monooxygenase is also capable of cometabolically 
degrading VC, DCE isomers, and TCE, preferentially in that order (Ensley, 1991).  
Although TCE and ammonia should compete as substrate availability, the addition of 
ammonia stimulates TCE degradation by AMO, possibly by increasing production of the 
enzyme (Ensley, 1991). Both AMO and MMO genes are highly conserved evolutionarily, 
leading to structural homology and dual substrate affinity under high methane or 
ammonia concentrations, respectively (Holmes et al., 2005).  One might expect, then, that 
sAMO is more efficient at chlorinated ethene degradation than pAMO.  Conversely, 
MMO probably behaves similar to AMO in that the addition of methane increases the 
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activity of chlorinated ethene degradation, though it might be expected that the two 
substrates would compete for enzyme availability. 
 
Molecular detection of soil microorganisms 
Most previous microbiological studies entail using culture dependent methods and 
biochemical assays to decipher the microbial composition of investigated systems.  When 
working with soil bacteria, however, most of the organisms of interest are either non-
culturable or are present in quantities too low for detection using conventional isolation 
and identification methods (Rappe and Giovannoni, 2003).  Molecular methods, such as 
gene hybridization microarrays, RFLP, DGGE, or PCR and DNA sequencing, have 
proved successful in the identification or characterization of microorganisms in many 
systems even when the number of bacteria within a taxon is small.  PCR methods often 
involve priming and amplification of the 16S gene, which is the small ribosomal subunit 
specific for prokaryotes.  Although many portions of this gene are highly conserved 
among all prokaryotes, some regions of the 16S DNA are moderately to highly variable 
with sequences that are specific to certain genera or species (Baker, 2003).  The use of 
the 16S gene is a good shotgun approach used to identify the majority of bacterial genera 
or species in a microbially diverse sample, but it sometimes cannot detect certain bacteria 
that may be present in extremely small numbers or that have 16S DNA sequences with 
low PCR primer efficiency.  In addition, universal bacterial 16S gene primers do not 
account for Archaea that may be present.  Fortunately, functional gene detection is also 
an efficient way of identifying certain groups, genera, or species of bacteria.  These 
functional genes encode for proteins that are involved in specific tasks, which may 
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characterize certain groupings of organisms such as microbes responsible for nitrogen 
fixation, photosynthesis, or oxidation/reduction processes (Lee et al., 1998).  Previous 
work on this particular bioremediation system using 16S ribosomal DNA analysis has not 
shown the presence of methanogens, methanotrophs, or ammonia oxidizing bacteria 
(Bishop, 2006), though Proteobacteria were identified and their presence has been 
suggested based upon  methane and ammonia production/consumption rates obtained 
using GC and IC analysis (Yan, 2006).   
 
The genomic DNA of methanogens possesses two functional genes that are commonly 
used in molecular detection, the nifH gene that is involved in nitrogen fixation (Ufnar et 
al., 2006) and mcrA, which codes for the alpha subunit of the enzyme methyl coenzyme 
M reductase, used in methanogenesis (Newberry et al., 2004).  Methanotrophic bacteria 
are identified using the α-subunit of the functional gene particulate methane 
monooxygenase, known as pmoA (Costello and Lidstrom, 1999).  Although sMMO is 
more efficient at dechlorination and may be of more interest for this project, priming for 
this gene will not yield identities for all methanotrophs.  Methanotrophs that have the 
potential to produce sMMO can still be identified by priming for pMMO.  Perhaps future 
studies may investigate sMMO in further detail.  Similarly to methanotrophs, ammonia 
oxidizing bacteria can be detected using the α-subunit of particulate ammonia 
monooxygenase, or amoA (Rotthauwe et al., 1997). 
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Treatment Cell 
Among the original projects on the biodegradation of chlorinated solvents, PCE 
degradation was demonstrated using soil columns in 1985 and 1992 by Vogel and 
McCarty, and de Bruin et al., respectively.  Lorah and Olsen (1999) demonstrated the 
natural attenuation of 1,1,2,2-Tetrachloroethane in a freshwater tidal wetland, as well as 
the degradation of chlorinated ethenes that were present due to the chemical conversion 
of chlorinated ethanes.  These findings have paved the way for research involving 
wetlands for the bioremediation of chlorinated hydrocarbons.  To study the 
bioremediation of PCE in a constructed Midwestern fen, Amon et al. (2007) constructed 
an experimental treatment cell (Appendix A) at Wright Patterson Air Force Base 
(W.P.A.F.B.) in Fairborn, Ohio.  Contaminated water with a concentration of 
approximately 34 ppb PCE is pumped into the system from the bottom through 
perforated PVC pipes in order to create an upward flow.  The cell has been planted with 
numerous locally known long growing season wetland species in a random distribution, 
and wells and piezometers were installed for water level measurements and three 
different depths of sample collections, respectively.  This system has been studied for its 
ability to bioremediate chlorinated ethenes, with comparison to a natural, contaminant 
free wetland known as Valle Greene Fen in Fairborn as a control.  GC analysis indicated 
that PCE degradation is occurring, and chlorinated ethenes are nearly undetectable at the 
piezometers near the surface.  Soil core analysis indicated that the majority of root 
biomass in the treatment cell exists near the soil surface and at the bottom by the gravel 
layer.  The findings have provided a basis for the greenhouse mesocosm experiments, as 
well as other future projects.   
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Greenhouse Treatment Reactors 
Twelve PVC columns with an approximate average height of 154 cm were constructed in 
the WSU greenhouse in 2005 from 15.24 cm diameter PVC pipes to examine the effects 
of PCE inoculation and the differences among three planted species and non-planted 
controls (Appendix B).  These mesocosms are approximately the same depth as the soil  
at the WPAFB constructed wetland.  Each column was sealed at the bottom using a PVC 
cap, and each was given 7 water sampling ports and 5 soil sampling ports for data 
collection.   The water inlet is located just above the bottom of the mesocosm, and there 
is an outlet tube approximately 1 cm above the soil line in order to create the upward 
flow that is characteristic of a fen wetland (Amon et al., 2002) and approximating the 
flow at the constructed wetland.  The columns were filled up to approximately 10 cm 
from the top of the PVC pipe with hydric (Westland) soil obtained from a local wetland, 
which was inoculated with soil from treatment wetland soil core samples.  Of the 12 
columns, three were planted with Eleocharis erythropoda, two were planted with Carex 
comosa, and four were planted with Scirpus atrovirens, while the remaining three were 
left unplanted to serve as controls.  Table 1 shows the placement of each plant species in 
the 12 columns sequentially. The water influx is pumped from a reservoir that is filled 
with a mixture of about 55% distilled water and 45% tap water in order to obtain a 
conductivity level comparable to field bioremediation and control sites (~800 μS).  PCE 
was added to the system in September of 2005 using a syringe pump containing 50 ppm 
PCE which is pumped at a rate of 1 mL/hr, and combines with the reservoir water source 
 22
in a mixing chamber, creating a concentration of approximately 82 ppb.  After the mixing 
chamber, the water lines are split into two sets of six tubes using three way valve 
connectors, which are then fed into the peristaltic pumps and into the twelve columns at a 
rate of 2.5 mL/min per column (See Appendix C).   
 
Table 1: The vegetative planting scheme for the 12 greenhouse columns.  It was intended to plant 3 of each 
plant species, but one of the Carex comosa columns was mistakenly planted with Scirpus atrovirens.  This 
table has been taken from Bishop, 2006. 
 
Column Species 
1 Carex comosa 
2 Carex comosa 
3 Control 
4 Eleocharis erythropoda  
5 Scirpus atrovirens 
6 Scirpus atrovirens 
7 Eleocharis erythropoda  
8 Control 
9 Scirpus atrovirens 
10 Eleocharis erythropoda  
11 Control 
12 Scirpus atrovirens 
 
 
 
 
 
 
 
Previous Work 
Several students in the Air Force Institute of Technology (AFIT) at W.P.A.F.B. have 
conducted recent experiments on the treatment wetland and greenhouse mesocosms.  
Greg Joseph had demonstrated, by conducting RFLP on soil core samples collected from 
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the treatment cell and control wetland, that there is a great diversity in microbial 
communities in the treatment and control wetland as well as among seasons, and that 
RFLP is a successful method for profiling the microbial composition in soil samples from 
a bioremediation site (Joseph, 2006).  Further investigation of the microbial community 
diversity and evenness distribution with depth at the Valle Greene control site and the 
W.P.A.F.B. treatment wetland was conducted by Smith, Amon, and Isenhouer (2008).  
After a 16S rDNA library of over 1,000 clones was collected, it was determined that the 
sampling effort accounted for 30-40% of the species present and 80-90% of the phyla 
present.  The microbial species richness and evenness is lowest at the middle layer of 
both wetlands, which corresponds to lower root densities as previously determined.  Also, 
there was no significant difference between microbial communities at the control site and 
at the treatment cell, possibly indicating that most groundwater driven wetlands will 
possess the ability to remediate chlorinated ethenes (Smith et al., in preparation).   
 
 Ethan Bishop had demonstrated in the greenhouse columns before exposure to PCE that 
there was a high diversity of genera based on 16 S sequence similarities among plant 
species and throughout depth (Appendix D).  The Scirpus atrovirens columns have the 
highest number of identities over all other columns, and the number of identities 
increases with depth in all columns.  Although there were no significant sequence 
homologies to reductive dehalogenase containing species (i.e. – Dehalococcoides sp.), 
there were some similarities to known genera with known dehalogenases such as 
Geobacter, Mycobacterium, and Nocardioides.  The highest proportion identified 
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comprised of Proteobacteria, which most likely contains methanotrophs and ammonia 
oxidizers (Bishop, 2006).   
 
In another project (Yan, 2006), TCE, methane, and nitrate concentrations were measured 
at several depths in the greenhouse mesocosms after exposure to PCE in 2005 (Figures 6 
and 7). TCE increases in concentration from the bottom to the center of the columns, 
indicating the degradation of PCE.  In the planted columns, TCE concentrations decline 
from the center to the top of the columns, thus indicating TCE degradation and 
demonstrating the role of plants in the dechlorination process.  Methane concentrations 
increase and then decrease as water moves upwards through the planted columns, 
suggesting methane production by methanogens and then methane oxidation by 
methanotrophs.  It is also possible to decipher the role of plants in methane oxidation, as 
methane concentrations continue to increase in control columns.  The nitrate 
measurements show a generally increasing trend as height increases in the columns, 
indicating the oxidation of ammonia.  Once again, the role of plants is apparent as nitrate 
concentrations in the control columns do not display as dramatic of an increase with 
column height (Yan, 2006).   
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Figure 6: 2005 methane concentrations with height in greenhouse mesocosms.  Figure from Yan, 2006.  
Note the role of plants in the production and oxidation of methane. 
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Figure 7:  2005 TCE and nitrate concentrations with height in the greenhouse Mesocosms.  Increasing 
nitrate and subsequent decreasing ammonia indicates possible ammonia oxidation by AOB.  Note the 
apparent role of plants in the oxidation of ammonia, as well as the degradation of TCE.  Figure from Yan, 
2006. 
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II. GOALS AND OBJECTIVES 
 
In order to study certain specific aspects of the microbial community associated with 
anaerobic and aerobic chlorinated ethene degradation, soil samples are collected from 
three different depths in seven treatment reactors (Scirpus sp. and control columns).  
DNA is extracted from these soil samples and is amplified by PCR for the three genes of 
interest (pmoA, mcrA, and amoA).  Sequences of gene products are made to compare 
species or genus-specific regions of these genes to known sequences on BLAST (Basic 
Local Alignment Search Tool, Altschul et al., 1990).  Operational Taxonomic Units 
(OTU) are determined by aligning sequences, generating distance matrices, and running 
the distance algorithm in DOTUR (Distance Based OTU and Richness Determination, 
Schloss and Handelsman, 2005).  The general goal of this project is to determine the 
species richness and localization of methanogenic, ammonia oxidizing, and methane 
oxidizing bacteria in relation to plants and the stratified zones of the PCE degradation 
steps.  Mesocosm distributions of water nutrients and root/soil organic content is 
determined upon deconstruction of the columns at the end of the study.  The active role 
of plants (using Scirpus atrovirens) is analyzed by comparing the community structures 
and root distributions in planted and non-planted columns.  The results obtained address 
the following project objectives: 
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1. To determine the richness of OTUs and variety among of methanogenic and 
AMO or MMO containing bacteria in greenhouse Mesocosms constructed to 
study the natural attenuation of PCE in wetland ecosystems. 
2. To determine if the number of methanogenic, methanotrophic, and ammonia 
oxidizing bacteria vary with depth. 
3. To determine if the number of methanogenic, methanotrophic, and ammonia 
oxidizing bacteria vary with root mass and soil organic content. 
4. To determine if the structure of bacterial communities varies with exposure to 
plants (between planted and non-planted mesocosms). 
5. To determine if the species richness or community structure of methanogens, 
methanotrophs, or ammonia oxidizing bacteria can be correlated with spatial 
trends in methane, phosphate, pH, conductivity, ammonia, nitrate, nitrite, or 
PCE and its degradation products in the Mesocosms (some parameters 
dependant on other thesis baseline data). 
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III. MATERIALS AND METHODS 
 
Soil core collection procedure 
Soil samples for DNA extraction were collected from all columns during late August and 
early September of 2006.  After turning off the pumps and draining the mesocosms for 
three hours, the areas surrounding soil sampling ports were cleaned by using distilled 
water and 70% ethanol, then wiping off excess ethanol with a paper towel and allowing 
the remaining ethanol to evaporate.  Starting at the bottom for each column, each soil port 
was opened by unscrewing the PVC plug with a wrench and soil samples were collected 
(Figure 9 A) from each of the five soil ports (Appendix B) using an adapted coring 
technique.  A sixth soil sample, representative of the water port #7 and overflow section 
of each column, was collected by drilling a 1” hole in the PVC approximately 1” below 
the soil surface.  The drilled hole was sealed after soil collection by plugging it with a #6 
rubber stopper and then applying hot glue to the seal. The soil collection coring 
procedure used a #11 cork borer with a roll of UV sterilized transparency film placed 
inside, as illustrated in Figure 8.  Because the largest and most dense roots of plants in the 
columns tend to grow around the perimeter of the pipe, the cork borer was inserted into 
the port by hand while twisting the borer to cut through the dense roots.  Once through 
about four cm of the column (or through the course root layer) the cork borer was driven 
the rest of the way in using a hammer to obtain a complete root and soil sample.  A sterile 
#1 or #2 rubber stopper was then placed into the end of the cork borer to prevent sample 
loss during withdrawal, and the entire assembly was slowly pulled out while twisting.  
Once the borer assembly was out of the column, the transparency film and soil core were 
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removed by pushing on the film from the inside of the borer.  The film was then unrolled, 
yielding a well-formed soil core approximately 1.5 cm in diameter, 10 cm long, and 18 
grams in mass. The soil core was placed directly into a labeled, sterile 50 mL disposable 
centrifuge tube, and placed on ice before storing in a -20°C freezer.   
 
In order to check for cross contamination during soil collection, two controls were 
collected for each column during the coring process.  Each control was prepared by 
placing a transparency film into a cork borer, waving the borer around in the air near the 
column, and inserting a rubber stopper into the back side of the borer.  The borer was 
then pulled back quickly, the rubber stopper was withdrawn, and the empty transparency 
film was pushed into an empty, sterile 50 mL disposable centrifuge tube on ice.  The 
controls were stored at -20°C with the soil samples and were processed for DNA 
extractions and PCR at the same time as the soil samples. 
 
Figure 8: Equipment design for column mesocoring technique.  The transparency film is pulled out slightly 
for visualization.  All equipment is sterilized before sampling. 
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Throughout this entire process, all equipment used (cork borers, rubber stoppers, 
spatulas, and scupulas) was frequently cleaned and sterilized by autoclaving or using 
70% ethanol and 10% bleach to ensure that cross-contamination between samples or 
contamination from outside sources did not occur.   
 
The volumes of soil collected were smaller than anticipated, and were inconsistent among 
columns and ports.  The integrity of the soil samples decreased with depth and moisture 
of the soil in the mesocosms, and plant roots were pushed aside by the cork borer rather 
than remaining in the soil collected, therefore an accurate representation of soil 
composition could not be obtained through the soil samples collected by coring.  
Fortunately, accurate representations of soil conditions were made possible during the 
mesocosm deconstruction process. 
 
DNA extractions 
Mesocosm soil samples were removed from the freezer and thawed on ice before 
performing DNA isolations.  Each sample was homogenized in the centrifuge tube using 
a disposable sterile pestle, and two samples were collected by filling sterile 1.5 mL 
centrifuge tubes with soil, using a sterile inoculating loop.  One of these two sub-samples 
was frozen as an archive, and the other was used to collect duplicate 0.25g samples for 
DNA isolation.  Because this project required processing DNA from soil that has a high 
amount of humic substances that may interfere with other molecular methods used, the 
MO BIO PowerSoilTM kit was used for the isolation of DNA samples (Niemi et al., 
2001). The methods for DNA extraction (Figure 9 C) followed the protocol for the MO 
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BIO PowerSoilTM extraction kit, with the addition of two modifications. First, a 
suggested preliminary step of centrifuging the 0.25 g samples at 12,000 rpm in 
microcentrifuge tubes and decanting off excess water was used (PowerSoilTM kit 
manual).  This helped to remove excess water and organic substances that may interfere 
with downstream processes. Second, before discarding the spin filters at the end of the 
extraction process, the filtrates were pipetted back onto the filters and the last 
centrifugation step was repeated to ensure that all DNA is eluted from the filters 
(Meredith Rodgers, personal communication).   
 
The soil sampling controls were processed by rubbing the inside of the centrifuge tube 
and transparency film with a sterile disposable pestle, then rubbing the pestle on the 
inside of a sterile 1.5 mL tube.  A sterile disposable loop was rubbed on the inside of the 
first 1.5 mL tube and subsequently on the inside of another sterile 1.5 mL tube to 
simulate the transfer of the soil samples after the initial centrifugation step.  Controls 
were processed in the same fashion as the soil samples for the remainder of the process. 
 
The concentration and purity of each DNA extraction were determined using a 
NanoDrop® 1000 spectrophotometer.  The pedestal on the NanoDrop® was cleaned with 
1.5 µl of sterile water before blanking the spec with 1.5 µl of the elution buffer used 
during the DNA isolation process (solution C6).  Each sample was then loaded onto the 
NanoDrop® pedestal in 1.5 µl volumes and the light absorbances at 230, 260, and 280 
nm were measured for each sample.  The software for the NanoDrop® machine (ND 
1000 3.2.1) calculated the nucleic acid concentration in ng/µl from the absorbance at 260 
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nm, as well as the absorbance ratios for 260/280 (which indicates the purity of nucleic 
acids over proteins, ideal value: 1.74-2.00) and 260/230 (which indicates the purity of 
nucleic acids over humic substances, ideal value: 2.00-2.20) (Sambrook, 1989).   
 
The average concentration of the soil DNA extractions was 15.38 ng/µL, and all were 
within a range of 5.84 to 40.93 ng/µL.  These DNA concentrations were low in 
comparison to most DNA extracts (Bishop, 2006; Anamika Birakayala, personal 
communication) used for molecular detection of soil microbes in related projects, but 
were sufficient to obtain PCR products.  The average concentration of control DNA 
extractions was 4.50 ng/µL, with a range of 0.15 to 7.98 ng/µL.  Most control DNA 
extraction concentrations were within the background variation of NanoDrop® 
measurements (~5 ng/ µL) as determined by running blank measurements, and only a few 
had concentrations high enough to suggest a low level of contamination.   
 
The majority of purity measurements of the soil DNA extractions over protein (260/280) 
contaminants were within the target range of 1.74-2.00, with an average of 1.98 and a 
range of 1.53 to 3.03.  The measurements for purity over humic substances (260/230) 
were sporadic and generally lower than the target range of 2.00-2.20, with an average of 
0.36 and a range of -6.66 to 1.56.     The 260/280 absorbance ratio values for the DNA 
extraction controls had an average of 2.29 and a range of -2.50 to 11.72 while the control 
260/230 values had an average of 0.13 and a range of -0.35 to 0.39, suggesting a very low 
amount of DNA contamination in comparison to possible protein and humic 
contaminants.  
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PCR on DNA samples 
PCR reactions were performed on sample and control DNA extractions (Figure 10-D) 
using a separate sterile 0.2 mL tube for each sample and primer set.  The genes pmoA 
(methanotrophs), amoA (ammonia oxidizers), and mcrA (methanogens) were amplified 
using the degenerate primer sets A189gc/mb661 (Costello and Lidstrom, 1999), amoA-
1f/amoA-2r (Rotthauwe et al., 1997), and ME1/ME2 (Newberry et al., 2004), 
respectively (Table 2).  PCR reactions using the primer set E8f/1406r (16S ribosomal 
DNA, Baker et al., 2003) were conducted on sample DNA extractions to confirm the 
presence of bacterial DNA.  The thermal cycler used was an Eppendorf Mastercycler®.  
The reaction mixture for PCR contained 12.5 μL of Qiagen HotStartTaq Mastermix, 1 μL 
each of the 10 μmol forward and reverse primers, the appropriate volume of sample DNA 
extract to reach 200 ng of DNA per reaction mixture, and ultra pure water to bring the 
total reaction volume up to 25 μL (water + DNA = 10.5 μL). The conditions for PCR 
used a lid temperature of 105°C and an antibody denaturing and Taq polymerase 
activation step at 95°C for 5 minutes, followed by 30 cycles of 95°C for 1 minute, 47°C 
for 1.5 minutes, and 72°C for 1 minute.  Lastly, there was a final extension step of 72°C 
for 10 minutes before the samples are held at 4°C until the samples were collected from 
the thermal cycler. 
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Table 2: Primers used in PCR amplification.  The functional gene targets are pmoA (methanogens), amoA 
(ammonia oxidizers), mcrA (methanogens), and 16S (all prokaryotes).  The primer name, sequence, product size 
(in base pairs), and reference are also shown.  Degenerate primers were constructed using the modified 
nucleotides N (binds A,C,G,T), M (binds A,C), Y (binds C,T), K (binds G,T), S (binds C,G), R (binds A,G), H 
(binds A,C,T), W (binds A,T), and D (binds A,G,T). 
Primer 
Name Sequence 
Target 
Gene 
Product 
Size Reference 
A189gc 5’-GGNGACTGGGACTTCTGG-3’ pmoA 470 bp Costello and 
Lidstrom, 1999mb661 5’-CCGGMGCAACGTCYTTACC-3’ 
amoA-1f  5’-GGGGTTTCTACTGGTGGT-3’ amoA 490 bp Rotthauwe et 
al., 1997 amoA-2r 5’-CCCCTCKGSAAAGCCTTCTTC-3’ 
ME1 5’-GCMATGCARATHGGWATGTC-3’ mcrA 760 bp Newberry et 
al., 2004 ME2 5'-TCATKGCRTAGTTDGGRTAGT-3’ 
E8f 5'-AGAGTTTGATCCTGGCTCAG-3' 16S 1398 bp 
Baker et al., 
2003 1406r 5'-GACGGGCGGTGTGTRCA-3' 
 
 
 
The presence of successful PCR products and the absence of PCR products in controls 
were confirmed by agarose gel electrophoresis using a 0.8% gel prepared with 0.8 g of 
molecular grade agarose and 100 mL of 1X TAE buffer containing ethidium bromide (50 
μL of stock (10μg/μL) ethidium bromide per 1 L TAE).  A 100 bp DNA ladder with a 
triple intensity 500 bp band (Promega) was used as a molecular weight marker, which 
was prepared with 5 μL of ladder to 1 μL of Blue/Orange 6X Loading Dye (Sambrook et 
al., 1989).  Samples and controls were prepared for electrophoresis by adding 3 μL of 
PCR product to 2 μL of 10X Blue Loading Dye and 15 μL of ultra pure water.  After 
placing the congealed gel in the appropriate orientation in the gel box so that the wells 
were at the opposite end from the positive electrode, running buffer (1X TAE with 
Ethidium Bromide) was poured over the gel until it was submerged by about 2-3 mm of 
buffer. Prepared samples and controls were loaded into the gel wells, along with DNA 
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ladders in the first and last gel lanes of each row.  A 97 V current was then run through 
the gel for 65 minutes and the gel was removed for photography on a UV light box 
(Sambrook et al., 1989).   
 
Maintenance of positive control methanotrophic cultures 
To confirm the efficiency of the pmoA primer set, cultures of Methylobacter bovis 98 
(type I), Methylomonas methanica S1 (type I), Methylococcus capsulatus BATH (type 
X), and Methylosinus trichosporium OB3b (type II) were grown and cell paste was used 
for DNA extractions, PCR, and gel electrophoresis (using same procedures as for soil 
samples).  These strains were graciously obtained from Dr. Mary Lidstrom at the 
University of Washington.  The cultures were grown using Nitrate Mineral Salts medium 
(NMS, Appendix E) in gas pack jars with an atmosphere amendment of 50% methane to 
ambient air every other day.  Methane amendments were conducted by using a 1 L 
sidearm flask containing 900 mL of water and an outlet hose draining into a sink.  
Methane was added until the water level lowered to 300 mL, then methane was pumped 
from sidearm flask to the anaerobic jar by connecting the outlet hose to the water faucet 
and pumping water back into the flask to reach a volume of 900 mL.  This process was 
repeated twice for each anerobic jar to reach approximately a 50% methane concentration 
in the 2.4 L containers. 
 
Maintenance of positive control methanogenic cultures 
To confirm the effectiveness of the mcrA gene primers, an attempt was made to maintain 
methanogenic cultures of Methanosarcina barkeri (DSM 805), Methanospirillium 
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hungatei (DSM 864), Methanosaeta concillii (DSM 2139), and Methanobacterium 
bryantii (DSM 7079).  These cultures were inoculated onto Zeikus Methanogen Medium 
(Appendix E) in anaerobic gas packs.  The medium preparations and inoculations were 
done in a glove box that was purged with nitrogen gas.  Due to problems obtaining 
appropriate anaerobic conditions and the presence of contaminants in many of the 
cultures, DNA extracts taken from the initial cultures were used for primer confirmation.  
DNA extractions were conducted in a similar manner as the soil samples using either cell 
paste from cultures on solid media or 0.25 mL of liquid culture before PCR and gel 
electrophoresis.   
 
Maintenance of positive control ammonia oxidizing cultures 
The efficiency of the amoA primer set was confirmed using positive control cultures of 
Nitrosomonas europaea Winogradsky (β-Proteobacteria, ATCC 25978) and 
Nitrosococcus multiformis (graciously obtained from Dr. Lisa Stein at UC Riverside).  
These cultures were grown using ATCC broth #2265 and H-K Medium (Appendix E), 
respectively, in flasks or test tubes aerobically and in the dark (covered with foil, in a 
drawer).  Growth was confirmed by using nitrite reagents A (8 g Sulfanilic acid in 1 L of 
5 N Acetic acid) and B (6.0 mL N,N-Dimethyl-1-naphthylamine in 1 L of 5 N Acetic 
acid) on 0.5 mL aliquots of each culture, including uninoculated media as controls for 
comparison.  After adding a few drops of each reagent in alphabetical sequence, the 
solution turned red if nitrite was present, indicating growth of ammonia oxidizers.  For 
DNA extractions, 0.25 mL of liquid cultures was used, and extraction procedures were 
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followed in the same manner as soil samples and previous bacterial culture samples 
before PCR and gel electrophoresis.   
 
DNA fragment cloning 
After conducting PCR reactions for the pmoA, mcrA, and amoA genes, the duplicate 
products were pooled and the gene fragments were separated and prepared for sequencing 
by transformation into E. coli cells using the Stratagene StrataCloneTM PCR Product 
Cloning kit (Figure 9 E).  Samples with an apparently high DNA load (over 150 ng/µL, 
estimated from PCR product electrophoresis) were diluted 1:10 with sterile water before 
cloning.  The DNA fragments were ligated into pSC-A-Amp plasmids containing Eco RI 
restriction sites, ampicillin resistance genes, and LacZ genes, which encode for β-
galactosidase (Appendix F).  The PCR products were ligated into the plasmids, which 
were then used to transform competent E. coli cells.  This process separated the 
fragments into individual E. coli cells, which were then grown overnight at 37°C on agar 
plates containing 100 μg/mL of ampicillin and 40 μL of 2% X-gal.  Only bacteria 
containing the plasmid with the ampicillin resistance gene grew on plates containing 
ampicillin.  Furthermore, X-gal was used to screen for the presence of the PCR insert.   
Colonies containing the full LacZ gene produced β-galactosidase, which broke down the 
X-gal and produced a blue coloration.  If the insert had been properly ligated into the 
plasmid, the LacZ gene was disrupted due to restriction sites within the gene, and the 
colonies appeared white (Figure 9 F).  The colonies of interest were then grown again 
over night in LB broth with ampicillin to amplify the number of bacterial cells, and 
therefore the copies of DNA.   
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Controls for plasmid insert ligation and plasmid uptake efficiency were prepared for 
every other cloning reaction using control inserts (provided by StrataCloneTM kit) and 
plasmid preparations without DNA fragment inserts, respectively.  Plasmid insert ligation 
controls yielded white colonies, while plasmid uptake (and contamination) controls 
yielded blue colonies on LB/ampicillin agar.   
 
Initially, up to one hundred colonies were plucked from the triplicate plates of each PCR 
product cloning reaction in case the first ten colonies did not yield appropriate sequences 
or if rarefactions (see molecular analysis section) were not achieved with the initial ten 
colonies from each sample.  After approximately a third of the samples were cloned, the 
number of colonies plucked from each cloning reaction was changed to 50; a decision 
that was based on the idea that if 10 or more acceptable sequences cannot be obtained 
from 50 colonies, then an error occurred with the cloning reaction and it will need to be 
redone anyway.  Switching from 100 to 50 colonies plucked from each reaction thus 
saved much time and cost resources.   
 
For each cloning reaction, ten of the colonies were grown overnight in 3 mL of LB/Amp 
broth medium for initial processing while an additional 40 (initially 90) colonies were 
grown overnight in 1 mL to serve as backup colonies.  After the overnight incubation, the 
cultures were spun into pellets by centrifuging for 3 minutes at 14,000 rpm and 
discarding the supernatant.  Pellets were stored at -20°C until further processing 
(Abremski et al., 1983; Shuman, 1994).   
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Plasmid Isolations 
To isolate the plasmids from cloned transformation pellets (Figure 9 G), the Qiagen 
QIAprep® Miniprep Kit was used.  First, the pellets from the overnight colony 
incubations were resuspended in 250 µL of Buffer P1 (resuspension buffer with lyse blue 
and RNAse reagents, Qiagen QIAprep® Miniprep Kit) by allowing the solution to sit in 
the tubes for about 15 minutes and then vortexing.  Next, 250 µL of Buffer P2 (lysis 
buffer with SDS and NaOH) were added to each sample, and the samples were inverted 
several times to mix.  At this point, the lyse blue reagent caused the solution to turn a 
homogenous blue when all cells had been lysed.  Then, 350 µL of Buffer N3 
(neutralization buffer containing acetic acid) were added to each sample and the samples 
were inverted again several times to mix.  Now the blue coloration turned to a 
homogenous white when the solutions had been fully neutralized.  The samples were then 
centrifuged for 10 min at 13,000 rpm to remove undesired cell particles, and the 
supernatant was decanted into a spin column assembly.  After centrifuging for 30 s at 
13,000 rpm, the DNA was bound to the filter membrane by charge.   
 
Next, the filtrate was discarded and 500 µL of Buffer PB (cleaning buffer with 
guanidinium chloride and propanol) were added to each filter before repeating the same 
centrifuge cycle as the last.  The filtrate was discarded again, and 750 µL of Buffer PE 
(cleaning buffer with 90% ethanol) were added to each filter and the samples were 
centrifuged again for 30 s at 13,000 rpm.  After discarding the filtrate, the tubes were 
centrifuged for 2 min at 13,000 rpm to remove excess ethanol that may interfere with 
downstream processes.  The filter membranes were then removed from the spin column 
 41
assembly and placed into prelabeled, clean 1.5 mL Eppendorf tubes.  After adding 50 µL 
of Buffer EB (elution buffer) to each filter, the tubes were incubated at room temperature 
for a few minutes before centrifuging for 30 s at 13,000 rpm.  To ensure that all of the 
plasmid DNA had been eluted form the filter membrane, the filtrate was then pipetted 
back onto the filter, and the tubes were centrifuged for 2 min at 14,000 rpm.  All isolated 
plasmids were stored at 4°C until further processing (Birnboim, 1983; Ausubel et al., 
1991).   
 
NanoDrop® values for DNA concentration, 260/280 absorbance ratio, and 260/230 
absorbance ratio were recorded for plasmid isolations that contained appropriate insert 
sizes as determined by restriction digests (see next section).  The NanoDrop® values of 
plasmid isolations were used to determine the reliability of a sample for sequencing, as 
well as the volume of sample to use in the sequencing reaction to obtain a concentration 
of 25-100 fmol.  The plasmid isolation concentrations ranged from 4.90 ng DNA/µL to 
801.42 ng DNA/µL, with an average of 114.30 ng DNA/µL.  The absorbance ratios for 
260/280 ranged from 0.49 to 2.60, with an average of 1.92, while the absorbance ratios 
for 260/230 ranged from 0.58 to 4.08, with an average of 2.02.   
 
Restriction Digests 
Before conducting the DNA sequencing, the presence of correct inserts was confirmed by 
Eco RI restriction digests and gel electrophoresis (Bishop, 2006).  Two sources of EcoR1 
nuclease were used, Takara and Promega, due to availability and cost.  To perform 
digests using the Takara Eco RI enzyme kit, 5 µL of DNA template were added to 12 µL 
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sterile H2O, 2 µL 10X H buffer, and 1 µL Eco RI (15 U/µL) restriction enzyme.  For the 
Promega Eco RI kit, 2 µL of DNA template were added to 16.3 µL sterile H2O, 2 µL RE 
10X buffer, 0.2 µL BSA, and 0.5 µL Eco RI (10 U/µL) restriction enzyme.  For both of 
these preparation methods, the solutions were mixed by gently pipetting a few times, and 
then incubating for 3 hours at 37°C.  After incubation, the samples were held at 4°C until 
further processing.  To ensure the presence of the correct plasmid insert, gel 
electrophoresis was conducted on the restriction digest products using the same 
procedure as for PCR products (Figure 11).  The result of a digested plasmid containing 
insert yielded a 3.5 kbp band (the linearized plasmid) and a band corresponding to the 
correct PCR product size (Greene et al., 1981).   
 
DNA Sequencing 
Once the gene insert was confirmed to be present, the DNA was sequenced using a 
Beckman-Coulter CEK 8000 automated sequencing machine (Figure 9 H).  This process 
is similar to PCR, using primers M13f and M13r (which are specific to the cloning vector 
used earlier), a dNTP mix, DNA polymerases, and dye terminators that terminate strand 
elongation randomly and label fragments with different colored fluorescent dyes 
corresponding to terminal adenine, cytosine, thymine, and guanine nucleotide residues.  
To efficiently sequence methanogen DNA samples, the ME1 and ME2 primers were used 
instead of the standard M13 primer set due to better results from trial and error.  DNA 
fragments were arranged according to their terminal nucleotide and the lengths in base 
pair numbers were measured using capillary electrophoresis in the Beckman-Coulter 
system.   
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Samples were sequenced until the rarefaction curve for each parameter leveled off, or 
until sequencing was no longer possible due to time and budget constraints.  Once the 
sequence data were obtained, they were aligned with known bacterial sequence databases 
using BLAST, and gene libraries for mcrA, MMO, and AMO were constructed.  Because 
degenerate primers were used and sequence homology is rarely 100%, a cut off point had 
been chosen for determining a bacteria’s identification using BLAST query alignment to 
GenBank database entries, as illustrated in the sequence analysis section (Bishop, 2006).   
 
 
Figure 9: Schematic of soil DNA processing.  (A): Soil core collection from 3 depths, (B): extraction of 
two 5 g soil samples from each for archives and processing samples, (C): duplicate DNA extractions, (D) 
PCR in duplicate on DNA extractions (multiply by 3 for the 3 primer sets used), (E) pool duplicate PCR 
products and clone, (F) cloned product (white colonies) and control colonies (blue) on media with X-gal 
and ampicillin, (G) plasmid isolations, (H) and sequencing.  Note that restriction digestions and gel 
electrophoresis steps are not shown, and many of the controls are not included in this diagram. 
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Processing DNA Sequences 
Once the DNA sequence data were obtained, the sequences were copied and pasted in 
fasta sequence format (first line - greater-than sign followed by sequence name, second 
line – sequence nucleotides, see Appendix G for example) to a separate word document 
for each column, which was organized by functional gene, port number, and sample 
number.  Each sequence was aligned using BLAST on the NCBI website 
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi).  The program chosen for this application 
was tblastx, which translated the nucleotide sequences into amino acid sequences and 
aligned them with amino acid sequences in the database Genbank, thus laying weight 
upon the most closely matched protein function rather than nucleotide sequence.  Only 
sequences with a query coverage (number of nucleotides aligned) of 300 bp or more and 
a sequence homology of 90% or higher were kept.  The percent positives value 
(homology) for the first of the multiple alignments was used to determine the percent 
sequence homology.  Once a sequence had been aligned, the BLAST query coverage was 
determined by finding the lowest and highest nucleotides used for multiple alignments.  
All nucleotides outside of this range were highlighted on the original sequence, and were 
excluded for the remaining analyses (Appendix G).  If any of the multiple alignments had 
a descending order of query nucleotides, then the non-highlighted portion of the sequence 
was reverse complemented 
(http://arep.med.harvard.edu/labgc/adnan/projects/Utilities/revcomp.html) before copying 
and pasting into a separate word document for each variable to be investigated (i.e.- 
planting condition, port number, functional gene).  These files were the ClustalX2 
(Larkin et al., 2007) input files, which also included the sequence name (including 
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column #, port #, sample #, and primer set), identity, and query coverage for each 
sequence.   
 
Each input file was converted to a fasta format file by saving as plain text with the file 
extension “fasta” before importing into ClustalX2.  A multiple sequence alignment was 
then conducted using ClustalX2, with an output file setting to phylip file format.  The 
Phylip output file from ClustalX2 was then saved as plain text (no .txt) under an 
appropriate name (planted, mmo, port2, etc.) in the Phlip3.66 (Felsenstein, 2005) folder 
(for ease, the Phylip3.66 and the DOTUR-1.53 folders were saved directly under the C: 
drive).  After opening DNADIST in the Phylip3.66 exe folder, the file location 
(C:\phylip3.66\filename.txt) was typed into the command prompt and Phylip was 
executed using the Jukes-Cantor method (selected by scrolling through the “d” option).  
The output file, which was located in the phylip3.66 exe folder, was saved in the 
DOTUR-1.53 folder under an appropriate name with the file extension “.dist.”  Using the 
command prompt, the DOTUR execution file and the phylip output file were opened 
(C:\DOTUR-1.53\dotur.exe C:\DOTUR-1.53\filename.dist).   The DOTUR-1.53 (Schloss 
and Handelsman, 2005) matrix analysis automatically ran, and the output files were 
located in the DOTUR-1.53 folder.  These files were moved into the original ClustalX2 
input folder corresponding to that parameter before continuing analysis with another 
parameter.  The OTU determination analysis was run for each group of sequences to be 
characterized and the rarefaction file (.fn) from each was used to copy rarefaction and 
OTU data into a master spreadsheet for comparison between parameters.  (Gwyn 
Isenhauer, personal communication).  
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Generating Rarefaction Curves 
A rarefaction curve indicates what the likelihood of finding a new identity by further 
sampling at a given distance level for a data set of taxonomic sampling.  The rarefaction 
file from DOTUR contained a listed order of the number of sequences collected in the 
first column, and the number of OTU at each number of sequences was given in separate 
columns corresponding to different distance levels such as 0, 0.03, 0.05, and 0.1.  
Rarefaction curves were generated for each parameter by plotting the OTU number at 3% 
(0.03) on the Y axis against the number of samples collected on the X axis.  By 
comparing the rarefaction curves generated for each primer set to each other and at 
different mesocosm heights and planting conditions, an estimation of the sampling effort 
completeness and relative species richness was obtained. 
 
Mesocosm water, soil, biomass, and root processing 
Once all mesocosm DNA and chemical analyses were completed, the columns were 
deconstructed for the analysis of soil and plant chlorinated ethene composition, plant 
biomass, soil water content, soil organic content, and soil root content.  Portions of the 
soil were set aside and frozen at -20°C to archive for future analyses.  This process also 
included a preliminary water analysis for pH, conductivity, nitrate, nitrite, phosphorous, 
and ammonia.  
 
On the first day of the column deconstruction analyses, the water ports of the column to 
be deconstructed were purged by withdrawing a 60cc sampling syringe full of port water, 
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then up to 50 mL of water samples were collected from each port and placed on ice until 
further processing.  Water samples were collected in triplicate from all of the sampling 
ports, inlets, and overflows of each column within the week before freezing the 
respective column for deconstruction and analysis, with the exception of a few ports that 
were dry for one or two of the triplicate samplings.  The columns that had been planted 
with Carex comosa and Eleocharis erythropoda were included in the analyses for 
extrapolation of sequence data to the possible influence of other plant species on the 
involvement of methanogens, methanotrophs, and ammonia oxidizers with the 
chlorinated ethene degradation scheme.  In order to prepare the water samples for nutrient 
analysis, the water samples were centrifuged at 10,000 rpm for 5 minutes to eliminate the 
majority of soil particles before filtering with 0.45µm syringe filters.  These water 
samples were analyzed for PO4-P, NH3-N, NO2-N, and NO2/NO3-N using colorimetric 
methods (Standard Methods, 1976), and pH and conductivity within two days.  On the 
second day, the column was disconnected from the peristaltic pump and the water inlet 
was closed.  Liquid nitrogen was poured over the top of the column, and 2-3 leaves were 
cut off at the soil surface to be placed into 40 mL EPA vials, which were then frozen at -
80°C.  The rest of the leaf tissue was then cut off at the soil surface, and was wrapped in a 
foil “envelope” for wet and dry biomass measurements.   Additional liquid nitrogen was 
poured over the soil surface to freeze the top of the column and seal in volatiles, and the 
entire column was moved into a -20°C walk in freezer using a dolly.  The column was 
then stored in the freezer for approximately three days to allow for complete freezing 
throughout.  Biomass samples were weighed for wet biomass measurements, then placed 
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in a drying oven at 100° C for three days before weighing again to determine dry biomass 
and water composition measurements. 
 
Once the column was well frozen, it was removed from the freezer and taped up with 
duct tape in order to prevent the loss of soil and cracked PVC pieces during cutting.  
Using a table saw, the column was cut into eight sections, approximately 19 cm in length, 
which corresponded to the seven water ports, the overflow (on planted columns), and the 
inlet.  Each section was then cut in half lengthwise using the table saw, and each half was 
wrapped in saran wrap and foil, and labeled appropriately.  One of these halves was put 
into a refrigerator for later root analysis, while the other half was either immediately 
sampled or was put into a -20°C.  Using a chisel and hammer, samples were collected 
from the top, middle, and bottom areas of the frozen column section half, and were 
placed into 40 mL EPA vials and frozen at -80°C for analysis of volatiles.  The 
refrigerated half of the column section was unwrapped and cut in half lengthwise, 
creating two quarter-sections.  One of these quarters was weighed in a pre-weighed piece 
of foil and set aside for root analysis.  A 15.625 cm3 cube of soil (2.5cm x 2.5cm x 
2.5cm) was cut from each of the top, middle, and bottom portions of the remaining 
quarter, and each was then weighed in a pre-weighed aluminum weigh dish for bulk 
density, and placed into a drying oven for two days to determine moisture content from 
loss of mass.  Due to a high presence of rocks in the inlet sections, bulk density 
measurements were obtained by collecting approximately 15.6 mL of rock/soil matter 
with a graduated cylinder.  This volume was comparable to the volume of the soil cubes 
collected for bulk density from the remaining soil sections.  The unplanted control 
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columns yielded one section less than the planted columns due to a lower soil level, 
therefore port section seven and the overflow section were combined for analysis of the 
control columns.  The lower soil levels in the control columns were due to several factors 
such as compression, washing out of soil, and a lack of the peat accumulation that 
occurred in the planted columns.  After preparing soil cubes for bulk density, the quarter 
that was set aside for root analysis was sieved under running water using three different 
sieve sizes (2 mm, ~0.3 mm, and ~75 µm mesh) to separate the roots.  The roots were 
weighed to determine wet weight before placing them into a drying oven over night.  
Once completely dried, the soil and root samples were removed from the drying oven and 
weighed to determine dry weight before being crushed and placed into a muffle furnace 
at 500°C for three to six hours, depending on sample size and composition.  After 
complete burning, the samples were weighed a final time to determine ash weight, and 
the samples were discarded.  The water content of a sample was determined by 
subtracting the dry weight from the wet weight, and the organic content of a sample was 
determined by subtracting the ash weight from the dry weight.  Percents were then 
determined for water, soil organic, and root organic content in wet soil. 
 
The samples that were in 40 mL EPA vials were thawed out, and 10 mL of 100% MeOH 
were added through the septa via a 23 gauge syringe before shaking the vials and 
incubating them at 5°C for 24 hours.  The samples were then taken to WPAFB and 
analyzed on a GC for volatile compound composition.  After several runs of samples with 
MeOH did not yield good chromatograms, a few samples were incubated with carbon 
disulfide instead of MeOH, and processd on the GC.  Once this more reliable method of 
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collecting volatile compounds did not work, the soil and leaf volatiles analysis portion of 
this project was disregarded.  A possible explanation for the failure in volatiles analysis 
was that all volatile compounds in these vials were lost when a complication with the -
80°C freezer caused the temperature to rise to room temperature, allowing all samples to 
thaw for at least a 24-hour period. 
 
Final Analyses 
Once all of the sequence analyses were complete for the three primers, three different 
depths, and three plant species plus controls, some pair wise comparisons were made to 
achieve each objective.  The species richness for each functional group was estimated by 
the total number of OTU and BLAST identities obtained at each port level and in planted 
and non-planted columns.  Microbial community comparisons were made by observing 
presence/absence of BLAST identities, dominant BLAST identities, OTU overlaps, and 
statistical analyses using SIMPER and ANOSIM.  Each port height was correlated with 
root mass measurements during column deconstruction, which were compared to the 
sequences and species richness identified for each port location.  Due to root oxygen 
exudation and oxygen diffusion through soil from the top of the columns, it was expected 
that a higher species richness of methanotrophs and ammonia oxidizers would be found, 
or have higher species richness in relation to the presence of roots and shallow soil depths 
(high ports), respectively.  Conversely, it was expected that methanogens would be 
found, or have higher species richness, in relation to the absence of roots or lower port 
heights. 
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Sequence data were compared to column water nutrient data (collected before 
deconstruction) in order to decipher any connections between chemical dynamics and 
microbial community structure.  By comparing the sequence identities and OTU richness 
found in this project to chlorinated hydrocarbon data collected for another thesis project, 
the possible roles of methanogen, methanotroph, and ammonia oxidizing bacteria were 
noted.  Methane and dissolved oxygen data from other thesis projects were used to 
confirm the production and oxidation of methane, as well as the oxidation of ammonia in 
relation to the species richness and localization of sequence BLAST identities.   
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IV. RESULTS 
 
PCR on Soil DNA Samples 
The initial run of PCR and gel electrophoresis yielded the expected size of DNA product 
(470 bp, 490 bp, and 760 bp for methanotrophs, ammonia oxidizers, and methanogens, 
respectively) for all primer sets on all but five reactions out of a total of 126 reactions (63 
samples, in duplicate).  The five unsuccessful samples later yielded the appropriate 
products when PCR was repeated.  Figure 10 shows an example of gel electrophoresis on 
successful PCR products.  Some gel lanes contained faint smearing patterns or faint 
bands in the range of 0 to 100 bp, suggesting the presence of non-specific binding 
products or unbound free nucleotides.  Slight DNA degradation is also a possible 
explanation for the smears and faint bands.  All of these faint smears and small band 
patterns were so minute relative to the strong expected product bands that contamination 
from these sources should not have been a problem.  Staining intensities on agarose gels 
were variable throughout all of the samples, but were intense enough to suggest 
successful gene fragment amplification.  Pooling of duplicate PCR reactions generally 
yielded sufficient samples for gene fragment cloning.  Only one control DNA extraction 
(control made by replicating the DNA extraction process without soil) yielded a PCR 
product, which appeared as a very faint band.  This control sample, being one of eighty-
four controls (two control for each column, amplified with each primer set in duplicate), 
suggests an extremely low level of sample contamination.   
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Figure 10:  Gel electrophoresis of PCR products.  The gel lane contents are labeled across the top of the gel 
at the location of the wells with DNA ladders, PCR products, DNA extraction controls, and PCR controls.  
Gel lane sample labels include the column #, sample/control, port/control (DNA extraction) #, and replicate 
# (eg. 12s5.1 = column 12 soil sample, port 5, first duplicate).  This gel shows products from amplifying 
samples with the primer set ME1/ME2 (for mcrA, expected product size = 760 bp, lanes 2-7) and AmoA-
1f/AmoA-2r (for amoA, expected product size = 490 bp, lanes 8-15). 
 
 
Cloning of PCR Products 
Most of the cloning reactions conducted on pooled PCR products produced detectable 
inserts, however approximately one sixth had to be repeated.  Properly cloned reactions 
yielded plates that had many white colonies and a few blue colonies, with a total of 30-
200 colonies.  Some of the plates, however, contained too few (<10) or too many (>500) 
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colonies to be useful, and satellite colonies were often seen if colonies were not plucked 
from the plates in a sufficient amount of time.   
 
Restriction Digests 
To confirm that cloning inserted the proper DNA amplification product into the plasmid, 
restriction digests were constructed to re-isolate the PCR produced gene fragment.  The 
desired result of each restriction digest contained one large band representing the cloning 
plasmid, at about 3500 bp, and one smaller band corresponding in size to the PCR 
product that was ligated into the plasmid (470-760 bp), as shown in Figure 11.  Some 
samples contained improper insert band sizes, plasmid bands only, or no bands, and had 
to be re-cloned or had PCR repeated.  Cloned plasmids that yielded the proper insert size 
by restriction digest were considered ready for DNA sequencing, once the concentration 
and purity were measured by NanoDrop®. 
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Figure 11: Gel electrophoresis of cloned PCR product restriction digests.  Sample names and DNA ladders 
are labeled across the top of the gel at the location of the wells.  EcoR1 digests from all three primer sets are 
shown here, with unsuccessful reactions for samples 9.3.10B (column 9, port 3, sample 10 for mcrA), 
11.2.1A (column 11, port 2, sample 1 for pmoA), and 11.2.2A (column 11, port 2, sample 2 for pmoA).  Most 
likely, 9.3.10B contained a PCR insert that was not cut out of the plasmid by EcoR1 because of the larger 
fragment size, and 11.2.1A and 11.2.2A were plasmids that contained no insert because of the uniform 
plasmid band size and the absence of an insert band.  Unsuccessful samples would be re-cloned, and the 
plasmids would be isolated and digested with EcoR1 until successful digests are obtained. 
 
 
Sample DNA Sequencing 
Out of 1,217 samples submitted for sequencing, 554 samples yielded reliable sequence 
identities.  The number of sequences obtained for methanogens was 180, while the 
number obtained for methanotrophs was 178 and the number obtained for ammonia 
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oxidizing bacteria was 196.  The success rate for sequencing was 45.4%, which is 
moderately high for functional gene sequencing (Jerome Servaites; Anamika Birakayala, 
personal communication).  For methanotrophs, the minimum number of nucleotides in 
the query coverage was 311 and the maximum was 598, with an average of 476 
nucleotides.  The minimum number of nucleotides in the query coverages for 
methanogens was 300 and the maximum was 733, with an average of 546 nucleotides.  
For ammonia oxidizers, the number of nucleotides in the query coverage ranged from 300 
to 524, with an average of 463 nucleotides. 
 
Determination of Sampling Effort Completeness 
Rarefaction analysis provides an indication as to how complete a sampling effort is to 
representing all different identities in a system.  When the rarefaction curve levels off 
horizontally (reaches asymptote), then it can be said that a sampling effort is complete, 
and the sequence collection accurately represents nearly all identities in a system.  Based 
on the rarefaction curves below (Figures 12-26), the ammonia oxidizer population has 
been the most completely represented, while the methanogens have been the least 
completely represented.  Sampling efforts appear to be the most complete when looking 
at all columns combined (Figure 12), and sampling efforts are less complete when the 
data are broken down further into planted and non-planted columns (Figure 13 and 14).  
Sampling effort appears to be more complete with the non-planted columns.  In 
individual port levels, sampling effort is even less complete than with planted and non-
planted columns, with the exception of Port 3 for ammonia oxidizers (Figures 15-17).  In 
general, methanogens and methanotrophs both have a higher species richness and greater 
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sampling requirement for Port 2, while Ports 3 and 5 are nearly identical (Figures 18 and 
21).  Comparisons among species richness with port level changes, however, when 
separated into planted and non-planted columns.  Port 2 species richness remains highest 
in methanogen non-planted columns (Figure 20) and methanotroph planted columns 
(Figure 22), and interestingly there is no difference in species richness with port level in 
non-planted columns for methanotrophs (Figure 23).  Ammonia oxidizers, on the other 
hand, have the greatest species richness and sampling requirement for Port 5, followed by 
Port 2 and then Port 3 (Figure 24).  Unlike for methanotrophs and methanogens, the trend 
in number of OTU with port level for ammonia oxidizers does not change from planted 
columns (Figure 25) to non-planted columns (Figure 26).  
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Figure 12: Rarefaction curves for methanogens, methanotrophs, and ammonia oxidizing bacteria in Scirpus 
atrovirens planted and non-planted columns. 
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Figure 13: Rarefaction curves for methanogens, methanotrophs, and ammonia oxidizing bacteria in Scirpus 
atrovirens planted columns. 
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Figure 14: Rarefaction curves for methanogens, methanotrophs, and ammonia oxidizing bacteria in non-
planted columns. 
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Figure 15: Rarefaction curves for methanogens, methanotrophs, and ammonia oxidizing bacteria at Port 2 
in Scirpus atrovirens planted and non-planted columns. 
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Figure 16: Rarefaction curves for methanogens, methanotrophs, and ammonia oxidizing bacteria at Port 3 
in Scirpus atrovirens planted and non-planted columns. 
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Scirpus sp. and Non-planted columns Port 5 Rarefactions
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Figure 17: Rarefaction curves for methanogens, methanotrophs, and ammonia oxidizing bacteria at Port 5 
in Scirpus atrovirens planted and non-planted columns. 
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Figure 18: Rarefaction curves for methanogens at ports 2, 3, and 5 in Scirpus atrovirens planted and non-
planted columns. 
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Figure 19: Rarefaction curves for methanogens at ports 2, 3, and 5 in Scirpus atrovirens planted columns. 
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Figure 20: Rarefaction curves for methanogens at ports 2, 3, and 5 in non-planted columns. 
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Figure 21: Rarefaction curves for methanotrophs at ports 2, 3, and 5 in Scirpus atrovirens planted and non-
planted columns. 
 
Methanotroph Scirpus sp. columns
Port 2
Port 3
Port 5
0
10
20
30
0 10 20 30 40
Samples Collected
Un
iq
ue
 Id
en
tit
ie
s 
(3
%
)
 
Figure 22: Rarefaction curves for methanotrophs at ports 2, 3, and 5 in Scirpus atrovirens planted columns. 
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Figure 23: Rarefaction curves for methanotrophs at ports 2, 3, and 5 in non-planted columns. 
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Figure 24: Rarefaction curves for ammonia oxidizing bacteria at ports 2, 3, and 5 in Scirpus atrovirens 
planted and non-planted columns. 
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Figure 25: Rarefaction curves for ammonia oxidizing bacteria at ports 2, 3, and 5 in Scirpus atrovirens 
planted columns. 
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Figure 26: Rarefaction curves for ammonia oxidizing bacteria at ports 2, 3, and 5 in non-planted columns. 
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Operational Taxonomic Unit (OTU) Analysis 
If the number of DNA samples via PCR and cloning for each of the functional groups 
was equal, one might posit that if the species richness in each group was equal the 
number of OTUs identified in each group would be approximately equal. That is, random 
sampling would provide about 33.3% of the total OTUs seen from each group. That was 
not the case.  Under the current sampling effort, about 50% of the total numbers of 
operational taxonomic units determined were methanogens, while about 35% were 
methanotrophs and about 15% were ammonia oxidizers (Figure 27 A).  Each functional 
group varies by only about 10% in OTU contribution when compared across multiple 
locations, leaving few noticeable differences when the data are arranged in pie charts 
(Figure 27 A-F).  Because sampling is less complete for methanotrophs than ammonia 
oxidizers and least complete for methanogens, it is expected that these proportions would 
be exaggerated with a fully complete sampling effort (all rarefactions leveling off).  It is 
also important to note that equal primer binding efficiency to all individuals within each 
functional group is assumed.  The degeneracy of each primer allows for binding to gene 
sequences that vary slightly, however some differences in primer binding efficiency may 
have occurred.   
 
Some interesting trends can be seen when presenting the data in bar graphs, however 
these data are determined from the current sampling effort, and trends may change with 
more sampling.  Therefore, the rarefaction curves may provide a more accurate 
representation of species richness estimates.  For all three functional groups, there are 
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more OTUs in the planted columns than in the non-planted columns (Figure 29).  In the 
Scirpus sp. columns alone, the Methanotrophs and ammonia oxidizers have higher OTU 
numbers in ports 2 and 5 than in port 3, while the methanogens have a higher number of 
OTUs in port 3 than in either port 2 or port 5 (Figure 30).  In the non-planted columns, 
however, there are little differences among ports for Methanotrophs and Methanogens 
while the trend for ammonia oxidizers appears much the same (Figure 31).   
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Figure 27: Percent contribution of functional groups to community structure.  The percentage for each pie 
wedge is shown below the number of OTU for each.  “All Columns” include Scirpus sp. planted and Non-
planted control columns.   
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All Columns OTU at Depth
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Figure 28: Total number of Operational Taxonomic Units (OTU) determined at ports 2, 3, and 5 for 
methanotrophs, methanogens, and ammonia oxidizing bacteria in Scirpus atrovirens planted and non-
planted columns combined.  The difference between the “All Ports” category and the sum of its 
constituents indicates the number of shared OTU. 
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OTU in Scirpus sp. and Non-Planted Columns
78
120
43
54
78
29
40
53
19
0
20
40
60
80
100
120
140
Methanotroph Methanogen Ammonia Oxidizer
Functional Group
N
um
be
r o
f O
TU
Scirpus sp. and Non-Planted .Scirpus sp Non-Planted
 
Figure 29: Total number of Operational Taxonomic Units (OTU) determined for methanotrophs, 
methanogens, and ammonia oxidizing bacteria between Scirpus atrovirens planted and non-planted 
columns with all ports combined.  The difference between the “Scirpus sp. and Non-planted” category and 
the sum of its constituents indicates the number of shared OTU. 
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Scirpus sp. Columns OTU at Depth
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Figure 30: Total number of Operational Taxonomic Units (OTU) determined for methanotrophs, 
methanogens, and ammonia oxidizing bacteria at ports 2, 3, and 5 in Scirpus atrovirens planted columns.  
The difference between the “All Ports” category and the sum of its constituents indicates the number of 
shared OTU. 
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Non-Planted Columns OTU at Depth
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Figure 31: Total number of Operational Taxonomic Units (OTUs) determined for methanotrophs, 
methanogens, and ammonia oxidizing bacteria at ports 2, 3, and 5 in non-planted columns.  The difference 
between the “All Ports” category and the sum of its constituents indicates the number of shared OTU. 
 
 
 
Microbial Community Composition Analyses 
In order to compare microbial communities across depth and planting status, ANOSIM 
(Analysis Of Similarity) and SIMPER (Similarity Percentage Analysis for group identity) 
analyses were provided by Dr. Tom Rooney at WSU.  These analyses were conducted for 
each of the three functional groups, and comparisons were made among column heights 
(ports) and between planted and non-planted columns.  The data used to make these 
comparisons included the abundance of identities as determined by BLAST.  The 
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assumption is that each primer set has equal binding efficiency for each species gene 
sequence within the functional group for the respective primer.  The output of ANOSIM 
describes the statistical significance (p-value) of similarity and difference between 
communities among port levels or between planted and non-planted columns, while 
SIMPER yields the percent contribution by individual identities to the community 
structure analyzed. Because the population sizes of methanogen, methanotroph, and 
ammonia oxidizer functional groups are unknown, the community comparisons are only 
valid when analyzed within functional groups.  “Microbial community” in this project 
therefore refers to the collection of organisms within the respective functional group 
discussed.   
 
The community structure of methanotrophs (Table 3) is significantly different between 
ports 2 and 5 (p = 0.002), between ports 3 and 5 (p = 0.024) and between Scirpus sp. and 
non-planted control columns (p = 0.001), but not between ports 2 and 3 (p = 0.254).  For 
methanogens, however, there are no significant differences in community structure 
between ports or planting conditions (Table 4).  The community structure of ammonia 
oxidizing bacteria (Table 5) is significantly different between ports 2 and 3 (p = 0.032), 
but not between other ports or between planting conditions.   
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Table 3: ANOSIM statistics for methanotrophs.  Comparisons between A and B are 
significantly different at p < 0.05. 
A B 
R Significance 
Statistic P-value 
2 3 0.056 0.254 
2 5 0.596 0.002 
3 5 0.255 0.024 
Planted Non-Planted 0.304 0.001 
 
 
Table 4: ANOSIM statistics for methanogens.  Comparisons between A and B are 
significantly different at p < 0.05. 
A B 
R Significance 
Statistic P-value 
2 3 0.074 0.169 
2 5 0.072 0.201 
3 5 -0.101 0.916 
Planted Non-Planted 0.069 0.162 
 
 
Table 5: ANOSIM statistics for ammonia oxidizing bacteria.  Comparisons between A 
and B are significantly different at p < 0.05. 
A B 
R Significance 
Statistic P-value 
2 3 0.22 0.032 
2 5 0.031 0.288 
3 5 0.013 0.361 
Planted Non-Planted -0.034 0.64 
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The contributions of individual identities to the total community structure were 
determined for methanotrophs and methanogens at ports 2, 3, and 5 using SIMPER.  
Contributions to community structure for ammonia oxidizing bacteria were only 
determined in planted and non-planted columns, however, because of low statistical 
power at port locations.   
 
At port 2, Methylobacter sp. makes up over 50% of the methanotroph community 
contribution, while Methylomonas sp. contributes about 30% and uncultured 
methanotrophs contribute about 10% to the methanotroph community (Figure 32).  
Moving up in the columns to port 3, the dominant contributor switches to Methylomonas 
sp. at about 40%, with Methylobacter sp. contributing about 30% and uncultured 
methanotrophs contributing about 25% (Figure 33).  At port 5, the highest location 
sampled in the columns, Methylomonas sp. contributes even more to the methanotroph 
community at almost 80%.  Methylobacter sp. does not contribute to a significant portion 
of the community structure at port 5, but Methylococcus capsulatus contributes 10% and 
uncultured methanotrophs represent 8% of the methanotroph community structure 
(Figure 34).  Identities within the “other” category (excluding Methylobacter sp. and 
Methylococcus capsulatus when not listed as dominant contributors) include 
Methylocaldum sp., Methylocystis sp., Methylomicrobium sp., Methylosinus sp., and 
Methylocapsa acidiphila.   
 
The methanogen community structure at all three depths is largely driven by three 
identities: uncultured methanogenic archaeon, uncultured Methanomicrobiales archaeon, 
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and Candidatus Methanoregula boonei.  At ports 2 (Figure 35), 3 (Figure 36), and 5 
(Figure 37), uncultured methanogenic archaeon contributes 64%, 54%, and 66%, 
uncultured Methanomicrobiales contributes 12%, 29%, and 20%, and Candidatus 
Methanoregula boonei contributes 10%, 14%, and 9%, respectively.  At port 2 only, 
Methanospirillium hungatei also contributes significantly to the methanogen community 
structure at 12%.  Identities in the “other” category include Methanobacterium sp., 
Methanocorpusculum sp., Methanoculleus sp., Methanogenium organophilum, 
Methanolinea tarda, Methanosarcina sp., and Methanothermobater thermautotrophicus. 
 
Due to low sample numbers leading to low statistical power (high probability of yielding 
false positives) for analysis of ammonia oxidizer identities at port levels, SIMPER 
comparisons are only possible between planted and non-planted columns for ammonia 
oxidizers.  The ammonia oxidizing bacteria community in both planted and non-planted 
columns is largely driven by the identities Nitrosospira sp. and uncultured ammonia 
oxidizer.  Nitrosospira sp. has a contribution to the community of 75% in planted 
columns (Figure 38) and 83% in non-planted columns (Figure 39), while uncultured 
ammonia oxidizers contribute 18% to the ammonia oxidizer community in planted 
columns (Figure 38) and 15% in non-planted columns (Figure 39).  Identities in the 
“other” category for ammonia oxidizers include Nitrosomonadales bacterium, 
Nitrosomonas sp., and Nitrosolobus multiformis.  
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Figure 32: Pie chart of percent community contributions by methanotroph BLAST identities at Port 2 in 
Scirpus atrovirens planted and non-planted columns combined.  The percentage contributions for the top 
three identities are shown in comparison to the rest of the methanotroph community. 
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Figure 33: Pie chart of percent community contributions by methanotroph BLAST identities at Port 3 in 
Scirpus atrovirens planted and non-planted columns combined.  The percentage contributions for the top 
three identities are shown in comparison to the rest of the methanotroph community. 
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Figure 34: Pie chart of percent community contributions by methanotroph BLAST identities at Port 5 in 
Scirpus atrovirens planted and non-planted columns combined.  The percentage contributions for the top 
three identities are shown are shown in comparison to the rest of the methanotroph community. 
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Figure 35: Pie chart of percent community contributions by methanogen BLAST identities at Port 2 in 
Scirpus atrovirens planted and non-planted columns combined.  The percentage contributions for the top 
four identities are shown in comparison to the rest of the methanogen community. 
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Figure 36: Pie chart of percent community contributions by methanogen BLAST identities at Port 3 in 
Scirpus atrovirens planted and non-planted columns combined.  The percentage contributions for the top 
three identities are shown in comparison to the rest of the methanogen community. 
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Figure 37: Pie chart of percent community contributions by methanogen BLAST identities at Port 5 in 
Scirpus atrovirens planted and non-planted columns combined.  The percentage contributions for the top 
three identities are shown are shown in comparison to the rest of the methanogen community. 
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Figure 38: Pie chart of percent community contributions by ammonia oxidizing bacteria BLAST identities 
at all ports in Scirpus atrovirens planted columns.  The percentage contributions for the top two identities 
are shown are shown in comparison to the rest of the ammonia oxidizer community. 
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Figure 39: Pie chart of percent community contributions by ammonia oxidizing bacteria BLAST identities 
at all ports in non- planted columns.  The percentage contributions for the top two identities are shown are 
shown in comparison to the rest of the ammonia oxidizer community. 
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Tables 6-8 are summaries of OTU and BLAST results for each functional group, which 
allow for comparison of species richness and “species” distribution. For example, in table 
4 the methanotrophs Methylobacter sp. and Methylomonas sp. shown to be not only 
dominant in all columns but likewise so in both planted and unplanted columns. It also 
shows that these two methanotrophs maintain dominance in most ports sampled. An 
exception is in the unplanted port 2 where Methylmonas sp. was found in only 4 samples. 
The series of tables also allows for a summation of BLAST identities found. 
Methanogens are represented by 20 identities, methanotrophs by 12 identities and 
ammonia oxidizers by 6 identities. Some species must be fairly rare as they were 
determined only once. For example, Methanosarcina thermophila and Methanoculleus 
thermophilus were found only once and may not be a significant part of the community 
especially since their names would indicate unlikely metabolic activity at ambient 
temperatures.  
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Column Water Nutrient Analysis 
Because it is possible that the chemical environment of the soil and water has a major 
influence on the distribution of the OTUs within the microbial communities, I conducted 
colorimetric analyses for PO4-P, NH3-N, NO2-N, and NO2/NO3-N, in addition to pH and 
conductivity measurements for all water samples.  The ability to sample Eleocharis 
erythropoda and Carex comosa in addition to the Scripus atrovirens and unplanted 
columns provided an opportunity to see if trends in water and soil conditions were 
specific to each plant species or if certain universal trends were evident. Since each plant 
has a somewhat different above ground and below-ground growth it may be possible to 
relate trends in microbial communities to the biological and chemical/physical 
environment presented to those communities.  Ammonia-N concentrations are higher 
than the rest of the nutrient concentrations, and often show a bimodal spike in the central 
portions of the column (Figures 40-45).  Conversely, nitrate-N measurements are the 
lowest in concentration in relation to nitrite and ammonia (Figures 40-45).  Both nitrate-
N and nitrite-N concentrations decrease from the inlet (0 cm) to port #2 (38 cm) in all 
columns (Figure 40), however increase from port #6 (114 cm) to the overflow (145 cm) 
in control columns (Figure 42) but continue to decrease slightly with height in the planted 
columns (Figure 41).  Phosphate concentrations are variable throughout all of the 
columns, and show no significant difference from the inlet (0 cm) to the outlet (145 cm) 
or when correlated to other water and soil parameters.  Though not statistically 
significant, the trends in phosphate concentration are often inverse to the trends in nitrite 
concentration, particularly in the lower halves of the columns.  In general though, 
phosphate trends do not show signs of consumption or production, suggesting that the 
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system is not phosphorous limited.  The conductivity of the water samples increases with 
height in the columns, with a much greater increase in the Carex comosa (Figure 43) and 
Scirpus atrovirens (Figure 45) columns.  The pH values show a decrease with height until 
approximately port #6 (114 cm) or 7 (130 cm) before finally increasing throughout the 
top of the columns (Figures 46-48).  In the control columns (Figure 48), the pH at the 
outlet (145 cm) is higher than the pH at the inlet (0 cm), whereas the outlet (145 cm) pH 
is lower than the inlet (0 cm) pH in the planted columns (Figure 47).   
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Figure 40: Water nutrient data for phosphate, conductivity, and nitrogen sources in all greenhouse 
mesocosms during the week before deconstruction.  Port heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm 
(Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 145 cm 
(Outlet).   
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Planted Column Water Averages
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Figure 41: Water nutrient data for phosphate, conductivity, and nitrogen sources in all planted greenhouse 
mesocosms during the week before deconstruction.  Port heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm 
(Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 145 cm 
(Outlet). 
 
 
 
 
 
 
 
 91
 
 
Non-Planted Column Water Averages
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Figure 42: Water nutrient data for phosphate, conductivity, and nitrogen sources in all non-planted control 
greenhouse mesocosms during the week before deconstruction.  Port heights are 3 cm (Inlet), 23 cm (Port 
1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 
145 cm (Outlet). 
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Carex Columns Water Averages
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Figure 43: Water nutrient data for phosphate, conductivity, and nitrogen sources in Carex comosa planted 
greenhouse mesocosms during the week before deconstruction.  Port heights are 3 cm (Inlet), 23 cm (Port 
1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 
145 cm (Outlet). 
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Eleocharis Column Water Averages
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Figure 44: Water nutrient data for phosphate, conductivity, and nitrogen sources in Eleocharis erythropoda  
planted greenhouse mesocosms during the week before deconstruction.  Port heights are 3 cm (Inlet), 23 
cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 
7), and 145 cm (Outlet). 
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Scirpus  Column Water Averages
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Figure 45: Water nutrient data for phosphate, conductivity, and nitrogen sources in Scirpus atrovirens 
planted greenhouse mesocosms during the week before deconstruction.  Port heights are 3 cm (Inlet), 23 
cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 
7), and 145 cm (Outlet). 
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All columns Water N and pH
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Figure 46: pH and soluble nitrogen sources with port height in all greenhouse mesocosms.  Soluble 
nitrogen is the sum of nitrite, nitrate, and ammonia concentrations.  Port heights are 3 cm (Inlet), 23 cm 
(Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), 
and 145 cm (Outlet). 
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Planted Columns Water N and pH
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Figure 47: pH and soluble nitrogen sources with port height in all planted greenhouse mesocosms.  Plant 
species include Carex comosa, Eleocharis erythropoda, and Scirpus atrovirens.  Soluble nitrogen is the 
sum of nitrite, nitrate, and ammonia concentrations.  Port heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm 
(Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 145 cm 
(Outlet). 
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Figure 48: pH and soluble nitrogen sources with port height in all non-planted control greenhouse 
mesocosms.  Soluble nitrogen is the sum of nitrite, nitrate, and ammonia concentrations.  Port heights are 3 
cm (Inlet), 23 cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 cm (Port 6), 
130 cm (Port 7), and 145 cm (Outlet). 
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Column Biomass Data 
Aboveground biomass may influence the rate of photosynthate production and thus 
influence the richness of organic molecules available to the subsurface microbial 
community. A larger mass of above ground tissue may also indicate a greater chance of 
evapotranspiration of volatile compounds.  The average above ground biomass 
measurements (Figure 44) for mesocosm plant species range from 123 g for Eleocharis 
erythropoda to 555 g for Carex comosa.  The average biomass for all plant species in the 
mesocosms is 281 g.  The average percent water compositions are 70.8% for Carex 
comosa, 53.1% for Eleocharis erythropoda, and 62.8% for Scirpus atrovirens (data not 
shown), following a direct proportion to total biomass measurements. 
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Figure 49: Above ground wet biomass of planted mesocosms.  Biomass was collected by cutting all leaf 
tissue at the top edge of the PVC for each column, and biomass measurements were averaged for each plant 
species.  “All columns average” includes all three plant species 
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Column Soil Data 
Soil data for bulk density, water content, and organic content were obtained from all 
sections of all columns during the mesocosm deconstruction process.  It is expected that 
plant roots will alter the nature of organic matter in the soil and thus influence the kinds 
of microbes present.  In general, the planted columns contained higher soil organic 
contents, higher root contents, lower water contents, and lower bulk densities than the 
control columns (Figures 51 and 52).  The bulk density of soil is relatively consistent 
throughout the columns with the exception of a decrease in the port seven and overflow 
sections, which is more exaggerated in the planted columns (Figure 51).  Root content 
and soil organic content values were consistent throughout the control columns (Figure 
52), whereas these values are consistent only in the bottom halves of the planted columns 
before increasing proportionally with column height throughout the top halves (Figure 
51).  It is expected that plant roots will alter the nature of organic matter in the soil and 
thus influence the kinds of microbes present. The column zone where an increase in root 
and organic content occurs in the planted columns corresponds to the column zone where 
nitrate and nitrite concentrations increase in the non-planted columns.  The “root content” 
in the control columns is a measurement of residual plant tissues from the original soil 
used to construct the columns.  These data may be an estimate of background root 
organic content in the planted columns, though decomposition of this organic matter is 
most likely higher in planted columns due to the presence of more oxygen that exudes 
from live plant roots.  The root content at the top of the columns is highest in the 
Eleocharis sp. columns (Figure 54), and is lowest in the Carex sp. columns (Figure 53), 
which is actually inverse to the above ground biomass measurements (Figure 49).  The 
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Scirpus sp. columns are the median for both root content (Figure 55) and above ground 
biomass (Figure 49).   
 
Correlation coefficients were determined for water and soil parameters, and are shown in 
table 9, along with p-values representing the significance of correlations.  Table 10 
displays the F statistic value and corresponding p-values for the influence of treatment 
(Carex comosa, Eleocharis erythropoda, Scirpus atrovirens, and non-planted control), 
port location, and the combined influence of treatment and port.  Comparisons that are 
significant at p < 0.05 in tables 9 and 10 are highlighted to simplify evaluation.  Table 11 
shows the means and standard deviations for water and soil parameters, as calculated by 
SAS.  Table 12 is a qualitative assessment of the trends in molecular and physical 
analyses with planting condition and port level. 
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All Columns Soil Data
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Figure 50: Data for soil organic content, root organic content, % water in soil, and soil bulk density with 
port height in all greenhouse mesocosms.  Data were collected during mesocosm deconstruction.  Port 
heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 114 
cm (Port 6), 130 cm (Port 7), and 145 cm (Outlet).   Percent root organic content is determined as the mass 
lost on LOI (450° C) for root samples sieved from column sections correlating to respective port heights. 
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Planted Columns Soil Data
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Figure 51: Data for soil organic content, root organic content, % water in soil, and soil bulk density with 
port height in all planted greenhouse mesocosms.  Data were collected during mesocosm deconstruction.  
Port heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 4), 91 cm (Port 5), 
114 cm (Port 6), 130 cm (Port 7), and 145 cm (Outlet).   Percent root organic content is determined as the 
mass lost on LOI (450° C) for root samples sieved from column sections correlating to respective port 
heights. 
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Non-Planted Columns Soil Data
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Figure 52: Data for soil organic content, root organic content, % water in soil, and soil bulk density with 
port height in all non-planted control greenhouse mesocosms.  Data were collected during mesocosm 
deconstruction.  Port heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 
4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 145 cm (Outlet).   Percent root organic content is 
determined as the mass lost on LOI (450° C) for root samples sieved from column sections correlating to 
respective port heights. 
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Carex comosa
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Figure 53: Data for soil organic content, root organic content, % water in soil, and soil bulk density with 
port height in all Carex comosa greenhouse mesocosms.  Data were collected during mesocosm 
deconstruction.  Port heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 
4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 145 cm (Outlet).   Percent root organic content is 
determined as the mass lost on LOI (450° C) for root samples sieved from column sections correlating to 
respective port heights. 
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Figure 54: Data for soil organic content, root organic content, % water in soil, and soil bulk density with 
port height in all Eleocharis erythropoda greenhouse mesocosms.  Data were collected during mesocosm 
deconstruction.  Port heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 
4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 145 cm (Outlet).   Percent root organic content is 
determined as the mass lost on LOI (450° C) for root samples sieved from column sections correlating to 
respective port heights. 
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Scirpus atrovirens
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Figure 55: Data for soil organic content, root organic content, % water in soil, and soil bulk density with 
port height in all Scirpus atrovirens greenhouse mesocosms.  Data were collected during mesocosm 
deconstruction.  Port heights are 3 cm (Inlet), 23 cm (Port 1), 38 cm (Port 2), 53 cm (Port 3), 69 cm (Port 
4), 91 cm (Port 5), 114 cm (Port 6), 130 cm (Port 7), and 145 cm (Outlet).   Percent root organic content is 
determined as the mass lost on LOI (450° C) for root samples sieved from column sections correlating to 
respective port heights. 
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Table 9: Correlation coefficients between soil and water nutrient parameters as determined by SAS.  P-
values are shown below the correlation coefficients, and significant comparisons (p < 0.05) are highlighted. 
Correlation 
Coefficient and 
p-value
% Root 
Organic 
Content
% Soil 
Organic 
Content
% Water 
Content
Soil Bulk 
Density 
(g/cm3)
PO4 (mg/L 
P)
NH3 (mg/L 
N)
NO3 (mg/L 
N)
NO2 (mg/L 
N)
Conductivity 
(µS) pH
-0.3370 -0.2690 -0.3138 0.1520 0.0515 0.0285 0.3356 0.0830 -0.3892 1.0000
0.0005 < 0.0001 < 0.0001 0.0094 0.3566 0.6109 < 0.0001 0.1372 < 0.0001
0.3343 0.3257 0.2799 -0.3008 -0.0596 -0.0604 -0.0942 -0.1102 1.0000
0.0005 < 0.0001 < 0.0001 < 0.0001 0.2860 0.2802 0.0915 0.0482
-0.0619 -0.0351 -0.0477 0.0424 -0.0413 0.0657 0.0326 1.0000
0.5323 0.5508 0.4188 0.4717 0.4602 0.2400 0.5596
-0.1775 -0.2726 -0.3703 0.0015 0.0476 -0.2381 1.0000
0.0714 < 0.0001 < 0.0001 0.9797 0.3945 < 0.0001
-0.1155 0.0473 0.1640 0.0032 -0.0322 1.0000
0.2430 0.4211 0.0051 0.9564 0.5651
-0.1489 -0.1115 -0.0983 0.1001 1.0000
0.1315 0.0575 0.0947 0.0884
-0.6044 -0.5044 -0.3168 1.0000
< 0.0001 < 0.0001 < 0.0001
0.7246 0.7695 1.0000
< 0.0001 < 0.0001
0.8734 1.0000
< 0.0001
1.0000
pH
Conductivity 
(µS)
NO2 (mg/L N)
NO3 (mg/L N)
% Soil Organic 
Content
% Root 
Organic 
Content
NH3 (mg/L N)
PO4 (mg/L P)
Soil Bulk 
Density 
(g/cm3)
% Water 
Content
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Table 10: F and P values for the influence of treatment on soil and water nutrient parameters as determined 
by SAS.  P-values are shown below the F-values.  Treatment indicates the planting condition, whether 
different species or non-planted controls.  Significant influences (P < 0.05) are highlighted. 
Factor pH
Conductivity 
(µS)
NO2 
(mg/L N)
NO3 
(mg/L N)
NH3 
(mg/L N)
PO4 
(mg/L P)
Soil Bulk 
Density 
(g/cm3)
% Water 
Content
% Soil 
Organic 
Content
% Root 
Organic 
Content
36.68 36.09 10.37 6.67 28.44 2.35 1.43 3.56 5.61 13.26
< 0.0001 < 0.0001 < 0.0001 0.0002 < 0.0001 0.0722 0.2355 0.0150 0.0010 < 0.0001
37.00 11.03 2.78 20.09 13.79 1.50 19.11 105.73 121.91 293.47
< 0.0001 < 0.0001 0.0057 < 0.0001 < 0.0001 0.1556 < 0.0001 < 0.0001 < 0.0001 < 0.0001
9.52 5.30 0.78 6.73 5.29 0.48 1.31 0.77 3.72 11.98
< 0.0001 < 0.0001 0.7594 < 0.0001 < 0.0001 0.9824 0.1594 0.7686 < 0.0001 < 0.0001
F and P values, Treatment = Planted, Non-Planted
Treatment
Port
Treatment*Port
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Treatm
ent
O
ut
7 6 5 4 3 2 1 In
O
ut
7 6 5 4 3 2 1 In
O
ut
7 6 5 4 3 2 1 In
O
ut
7 6 5 4 3 2 1 In
P
ort
8.1767 ( + 0.2252)
7.6689 ( +  0.1030)
7.6622 ( + 0.0815)
7.7300 ( +  0.0970)
7.7333 ( +  0.0608)
7.7356 ( +  0.0893)
7.7389 ( + 0.0658)
7.7800 ( +  0.1500)
7.7722 ( +  0.1415)
7.6256 ( +  0.2546)
7.4133 ( +  0.1120)
7.7256 ( +  0.0498)
7.7633 ( +  0.0892)
7.8633 ( +  0.0851)
7.8289 ( +  0.0667)
7.8033 ( +  0.0907)
7.8378 ( + 0.1412)
7.9956 ( +  0.1846)
7.6645 ( +  0.3831)
7.3373 ( +  0.1575)
7.1883 ( + 0.1054)
7.3300 ( +  0.1741)
7.5308 ( + 0.0936)
7.7092 ( +  0.1235)
7.8150 ( +  0.0762)
7.7975 ( + 0.1295)
7.8175 ( +  0.1058)
7.5517 ( + 0.1528)
7.2867 ( +  0.2152)
7.3500 ( + 0.1049)
7.6850 ( +  0.0779)
7.8717 ( +  0.1266)
7.8583 ( +  0.1551)
7.8783 ( +  0.0741)
7.9083 ( +  0.0768)
7.8117 ( + 0.2637)
pH
819.7778 ( + 35.7553)
797.7778 ( +  38.1961)
807.6667 ( + 33.5820)
809.1111 ( +  18.6041)
806.2222 ( +  28.2612)
808.6667 ( +  32.6037)
737.2222 ( + 155.4596)
755.1111 ( +  90.0228)
767.1111 ( +  45.9278)
853.1111 ( +  30.5932)
745.3333 ( +  193.1450)
823.1111 ( +  19.8333)
826.1111 ( +  22.8607)
815.2222 ( +  23.8316)
817.6667 ( +  19.0788)
814.1111 ( +  24.1062)
810.1111 ( + 22.6133)
810.6667 ( +  33.9374)
1237.8182 ( +  262.3108
1167.0909 ( + 220.7652
981.5000 ( + 104.5549)
907.5000 ( +  181.0015)
874.0833 ( + 76.2334)
855.9167 ( +  62.1179)
817.4167 ( +  37.3252)
804.9167 ( + 47.4485)
800.6667 ( +  36.0639)
1019.0000 ( + 98.5799)
818.0000 ( +  357.2769)
900.1667 ( + 44.2512)
823.5000 ( +  21.3331)
816.8333 ( +  14.6890)
813.8333 ( +  35.2330)
816.3333 ( +  19.2942)
781.8333 ( +  114.6672)
812.1667 ( + 16.9873)
C
onductivity (µS
)
0.3714 ( + 0.0620)
0.3221 ( +  0.0506)
0.2588 ( + 0.0799)
0.2469 ( +  0.0828)
0.3216 ( +  0.2179)
0.4313 ( +  0.2801)
0.3467 ( + 0.1961)
0.5345 ( +  0.3754)
0.3191 ( +  0.1331)
0.3139 ( +  0.0922)
0.2797 ( +  0.0653)
0.2810 ( +  0.0819)
0.3093 ( +  0.0864)
0.3146 ( +  0.0912)
0.3063 ( +  0.0880)
0.3868 ( +  0.2459)
0.4187 ( + 0.1327)
0.3101 ( +  0.0791)
0.2458 ( +  0.0719)
0.2448 ( +  0.1302)
0.2329 ( + 0.0766)
0.2124 ( +  0.0668)
0.2502 ( + 0.0822)
0.2565 ( +  0.0863)
0.3243 ( +  0.1384)
0.3085 ( + 0.0946)
0.2530 ( +  0.1052)
0.2422 ( + 0.0505)
0.2540 ( +  0.1075)
0.2019 ( + 0.0516)
0.2412 ( +  0.0508)
0.2218 ( +  0.0352)
0.2055 ( +  0.0686)
0.2630 ( +  0.0550)
0.2422 ( +  0.0472)
0.2973 ( + 0.1665)
N
O
2  (m
g/L N
)
0.3466 ( + 0.1479)
0.0900 ( +  0.0733)
0.2533 ( + 0.0327)
0.0203 ( +  0.0220)
0.0101 ( +  0.0142)
0.0087 ( +  0.0104)
0.0210 ( + 0.0364)
0.1638 ( +  0.1266)
0.1664 ( +  0.0808)
0.0211 ( +  0.0185)
0.0100 ( +  0.0115)
0.0111 ( +  0.0287)
0.0108 ( +  0.0121)
0.0468 ( +  0.0704)
0.0221 ( +  0.0296)
0.0311 ( +  0.0304)
0.0908 ( + 0.1037)
0.1848 ( +  0.0656)
0.0268 ( +  0.0292)
0.0530 ( +  0.0219)
0.0523 ( + 0.0398)
0.0543 ( +  0.0702)
0.0513 ( + 0.0420)
0.0421 ( +  0.0353)
0.0873 ( +  0.0828)
0.1685 ( + 0.1461)
0.1799 ( +  0.0999)
0.0387 ( + 0.0315)
0.0463 ( +  0.0349)
0.0427 ( + 0.0247)
0.0540 ( +  0.0290)
0.1122 ( +  0.1115)
0.0479 ( +  0.0341)
0.0327 ( +  0.0622)
0.1643 ( +  0.1113)
0.1409 ( + 0.0832) 
N
O
3  (m
g/L N
)
0.8320 ( + 0.3696)
1.7728 ( +  0.1923)
2.1381 ( + 0.4544)
1.5541 ( +  0.2557)
1.0732 ( +  0.3019)
1.7450 ( +  2.3066)
0.9352 ( + 0.7372)
0.2463 ( +  0.1371)
0.2250 ( +  0.0600)
0.6040 ( +  0.1268)
1.2197 ( +  0.3528)
1.9417 ( +  0.2628)
1.8951 ( +  0.3807)
0.8537 ( +  0.4380)
1.8421 ( +  0.8893)
1.5408 ( +  0.4377) 
0.5274 ( + 0.1923)
0.3429 ( +  0.1441)
0.7719 ( +  0.3842)
0.7963 ( +  0.4219)
0.5453 ( + 0.2417)
0.4343 ( +  0.1649)
0.4480 ( + 0.2031)
0.3918 ( +  0.2427)
0.4992 ( +  0.3143)
0.4354 ( + 0.1547)
0.3196 ( +  0.2373)
0.4267 ( + 0.0968)
0.5815 ( +  0.1235)
0.3543 ( + 0.1840)
1.3328 ( +  1.7181)
1.7743 ( +  0.9523)
1.5323 ( +  0.7900)
0.9960 ( +  0.3134)
0.8660 ( +  0.4419)
0.4017 ( + 0.1144)
N
H
3 (m
g/L N
)
0.4577 ( + 0.1225)
0.3358 ( +  0.1081)
0.4367 ( + 0.2088)
0.5132 ( +   0.3366)
0.5121 ( +  0.3658)
0.7120 ( +  1.2058)
0.4114 ( + 0.1960)
0.2584 ( +  0.1195)
0.4842 ( +  0.7265)
0.2793 ( +  0.0982)
0.2029 ( +  0.0929)
0.3689 ( +  0.0805)
0.2598 ( +  0.0701)
0.2840 ( +  0.1708)
0.3800 ( +  0.1446)
0.3549 ( +  0.0927)
0.2974 ( + 0.1274)
0.4226 ( +  0.5001)
0.2871 ( +  0.2431)
0.2151 ( +  0.1033)
0.2528 ( + 0.0895)
0.2958 ( +  0.1734)
0.4996 ( + 0.7938)
0.5518 ( +  0.7938)
0.3569 ( +  0.1051)
0.4737 ( + 0.6010)
0.3945 ( +  0.2295)
0.1695 ( + 0.0606)
0.1620 ( +  0.0825)
0.2157 ( + 0.0482)
0.2567 ( +  0.0705)
0.3300 ( +  0.0837)
0.2933 ( +  0.1508)
0.2630 ( +  0.0612)
0.4082 ( +  0.5041)
0.6208 ( + 0.6747)
P
O
4  (m
g/L P
)
1.4171 ( + 0.1750)
1.4333 ( + 0.1378)
1.5199 ( +  0.1596)
1.5820 ( +  0.2087)
1.6990 ( +  0.1253)
1.6914 ( + 0.0814)
1.5745 ( +  0.1226)
1.4237 ( +  0.1461)
1.0163 ( +  0.0853)
1.3151 ( +  0.1842)
1.4788 ( +  0.2755)
1.3417 ( +  0.1730)
1.4918 ( +  0.1997)
1.5428 ( +  0.1611)
1.6058 ( +  0.2062)
1.5376 ( + 0.1579)
1.4489 ( +  0.1760)
0.9166 ( +  0.1125)
1.2805 ( +  0.3497)
1.5974 ( + 0.1019)
1.4886 ( +  0.2600)
1.5757 ( + 0.1574)
1.5589 ( +  0.1794)
1.5695 ( +  0.2785)
1.5062 ( + 0.2008)
1.4964 ( +  0.2461)
1.0194 ( + 0.1844)
1.3157 ( +  0.3234)
1.6586 ( + 0.0759)
1.5695 ( +  0.1099)
1.4421 ( +  0.1956)
1.6130 ( +  0.0749)
1.4260 ( +  0.2784)
1.6932 ( +  0.0257)
1.4384 ( + 0.1844)
S
oil B
ulk D
ensity 
(g/cm
3)
44.2473 ( + 1.8590)
37.7047 ( + 1.8702)
37.9704 ( +  2.2016)
36.6973 ( +  8.6083)
37.9572 ( +  1.1990)
37.7799 ( + 0.8034)
31.8180 ( +  12.3475)
6.5009 ( +  2.3979)
71.5376 ( +  6.5851)
56.3007 ( +  19.5422)
38.0804 ( +  2.3990)
41.8426 ( +  6.4855)
38.1051 ( +  1.6859)
38.6597 ( +  0.8152)
37.2092 ( +  1.6128)
37.6444 ( + 1.4028)
11.2281 ( +  11.1038)
68.3149 ( +  6.6570)
47.8887 ( +  17.2517)
36.5766 ( + 1.0325)
39.7371 ( +  2.2606)
40.3299 ( + 2.6731)
39.2577 ( +  2.1547)
40.2124 ( +  1.2747)
36.4906 ( + 6.6567)
11.8700 ( +  10.3212)
66.9654 ( + 13.7350)
49.5609 ( +  10.2774)
38.5264 ( + 2.4243)
40.7859 ( +  2.2833)
39.0360 ( +  1.0753)
38.7513 ( +  0.6835)
36.0734 ( +  1.7120)
39.3177 ( +  0.6812)
15.8450 ( + 16.4963)
%
 W
ater C
ontent
5.6193 ( + 0.2459)
5.8411 ( + 0.3096)
6.0831 ( +  0.1103)
6.3262 ( +  0.8718)
6.1240 ( +  0.2968)
6.3188 ( + 0.4637)
5.3964 ( +  1.5028)
2.8853 ( +  1.4428)
21.5309 ( +  4.0063)
8.9685 ( +  1.6638)
7.2377 ( +  1.9812)
5.7410 ( +  0.8172)
5.7393 ( +  1.8704)
6.1587 ( +  0.1763)
6.3808 ( +  0.3009) 
6.0334 ( + 0.3589)
2.3590 ( +  1.7708)
16.6108 ( +  5.5083)
10.1023 ( +  2.7926)
7.0050 ( + 0.4310)
6.4826 ( +  0.2178)
6.2895 ( + 0.2309)
6.1591 ( +  0.3138)
6.9273 ( +  2.7873)
5.9698 ( + 0.6673)
3.0182 ( +  1.8498)
14.5446 ( + 3.9326)
7.3956 ( +  1.0836)
6.8225 ( + 0.3550)
6.1754 ( +  0.7812)
6.4828 ( +  0.2132)
6.2155 ( +  0.2301)
6.2464 ( +  0.2685)
6.0988 ( +  0.2223)
3.3824 ( + 2.6052)
%
 S
oil O
rganic 
C
ontent
0.1749 ( + 0.1347)
0.1749 ( + 0.1347)
0.2838 ( +  0.1802)
0.1814 ( +  0.0472)
0.1434 ( +  0.0401)
0.2219 ( +  0.0035)
0.2093 ( + 0.0398)
0.2240 ( +  0.0347)
0.0285 ( +  0.0152)
20.4496 ( +  2.6165)
4.9921 ( +  1.5389)
0.5069 ( +  0.1085)
0.2508 ( +  0.0716)
0.1797 ( +  0.0812)
0.2184 ( +  0.1902)
0.2819 ( +  0.1902)
0.4433 ( + 0.3856)
0.1006 ( +  0.0613)
13.6774 ( +  1.7309)
6.4890 ( +  2.1978)
1.7449 ( + 0.0840)
0.7040 ( +  0.1175)
0.3896 ( + 0.0438)
0.3006 ( +  0.0620)
0.2803 ( +  0.1206)
0.2376 ( + 0.0848)
0.0589 ( +  0.0319)
11.0538 ( + 1.3232)
4.3285 ( +  1.6269)
1.5711 ( + 0.1558)
0.4676 ( +  0.0008)
0.2577 ( +  0.0100)
0.2316 ( +  0.1230)
0.2812 ( +  0.0997)
0.2407 ( +  0.0391)
0.1187 ( + 0.0388)
%
 R
oot O
rganic 
C
ontent
Non-planted
Table 11: M
eans and standard deviations for soil and w
ater nutrient data as generated by S
AS
Carex comosaEleocharis erythropodaScirpus atrovirens
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Table 12: Summary table of all analyses.  Species richness estimates are based on rarefaction analysis 
curves.  Up arrows (↑) indicate the highest value for column type (non-planted, Scirpus atrovirens, Carex 
comosa, and Eleocharis erythropoda) parameter, down arrows (↓) indicate the lowest value for column 
type parameter, and left-right arrows (↔) indicate either the median value or equal to other left-right 
arrows. 
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V. DISCUSSION 
 
The identification of methanogens, methanotrophs, and ammonia oxidizing bacteria in all 
soil samples indicates that these organisms are ubiquitous throughout the greenhouse 
mesocosm system.  These bacteria may have been present in either the soil used to 
construct the columns, the plant roots, the soil inoculum from the air force base, or a 
combination of all three.  After a year and a half of PCE treatment and potential 
enrichment for chlorinated ethene-degrading bacteria, the ubiquitous presence of the 
three groups of bacteria under study suggests that growth is supported at various depths 
and is independent of the presence of plants.  It is possible that relict DNA was isolated 
from the soil used to construct the columns but the degradation of PCE and its daughter 
products and water nutrient dynamics (Personal communication A. Agrawal, 2008) 
indicate that even unplanted columns have an active population of bacteria. The presence 
of both aerobic and anaerobic species (Atlas and Bartha, 1998) at all locations suggests 
the presence of oxic and anoxic microenvironments and gradients throughout all depths.  
Planted columns may support the presence of aerobic organisms in soils that are mostly 
anaerobic through the exudation of oxygen from active roots (Armstrong et al., 2000), 
however it appears that dissolved oxygen in the influent water may be sufficient to 
support some aerobic growth throughout the non-planted columns as well as evidenced 
by the presence of ammonia and methane oxidizing bacteria.  The optimal dissolved 
oxygen concentration to support both the growth of methanotrophs and the cometabolic 
degradation of TCE by MMO is 2 mg/L (Thompson, 2008, primary reference not listed).  
Oxygen concentrations below 2 mg/L will inhibit the growth of methanotrophs, while 
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concentrations above this point are too oxidative to support TCE degradation (Thompson, 
2008).  Due to the identified presence of methanotrophs and the evidence that TCE is 
being degraded in the mesocosms, it is expected that oxygen is often found around a 
concentration of 2 mg/L. Since the variety of oxygen dependent bacteria appears to fall at 
port 3 where inflowing oxygen is likely to have been consumed, it is possible that aerobic 
organisms found represent a mobile subset of microbes transported in the upwardly 
flowing water of the unplanted mesocosms.  
 
 The population abundances of different functional groups or species and the gene 
expression activity of such bacterial types may still vary throughout the different 
conditions in the mesocosms, but these possibilities cannot be determined from the data 
in this project.  An estimation of relative abundance within each functional group may be 
assumed in this project to some degree by the number of sequences obtained for each 
BLAST identity out of the entire sampling effort, however differential binding efficiency 
of primers, or PCR bias, may also play a role in the quantification of sequence BLAST 
identities.   
 
Rarefaction analysis indicates that the ammonia oxidizing bacteria have been sampled 
enough to make a fairly reliable characterization of them in all columns, however further 
sampling would make comparisons among port levels more reliable.  Although a good 
estimation of population dynamics can be made for methanogens and methanotrophs in 
all columns, based on the rarefaction curves beginning to level off, further sampling 
would provide more reliable data as the curves have not leveled off asymptotically.  In 
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order to represent the microbial populations accurately in this study, approximately 200 
ammonia oxidizing bacteria sequences, 250 methanotroph sequences, and 350 
methanogens sequences should be obtained (estimated from rarefaction curve 
extrapolations).   
 
When comparing species richness among functional groups among port levels and 
between planted and non-planted columns, the inference is that a higher species richness 
will generally lead to higher activity, or at least a more healthy and diverse community 
(Molles, 2005).  Relative abundance can be assumed to some degree within functional 
groups, but not among functional groups.  A shift in species richness does not indicate an 
absolute difference in abundance of individual identities, nor does an absence of species 
richness difference indicate equal individual abundance.  The following characterizations 
of microbial communities therefore assume approximately equal population abundances.   
 
The figures for rarefaction analysis (Figures 12 through 26) suggest that in the Scirpus sp. 
columns the methanogens and methane oxidizers have inverse trends in species richness 
with respect to port level, while in the non-planted columns the methanotrophs have no 
difference with port level and methanogens resemble the species richness associations 
with port height for methanotrophs in the Scirpus sp. columns.  The presence of plants, 
therefore, allows differential growth patterns of methanotrophs while shifting the 
majority of methanogen species to the centers of the columns.  The rarefaction curves for 
ammonia oxidizing bacteria in both planted and non-planted columns suggest that the 
highest species richness is supported at port 5, while the lowest species richness is at port 
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3.  The ammonia oxidizers, therefore, are not influenced by the presence of plants but are 
influenced by port level, and the highest species richness is maintained in the zone of 
plant roots and/or oxygen diffusion, followed by the influx of dissolved oxygen through 
the inlet.  Based on the ammonia profiles, ammonia oxidizers do not appear to be 
influenced by substrate availability, but may actually influence the availability of 
substrate, as the lowest species richness of ammonia oxidizers can be seen where the 
highest ammonia concentrations are present.   
 
According to the total number of OTU determined in the planted columns alone, the 
methanotrophs and ammonia oxidizers have a higher species richness at ports 2 and 5, 
while the methanogens have the highest species richness at port 3.  The interpretation 
with total OTU numbers would be that methanotrophs and ammonia oxidizing bacteria 
coexist more closely, and a higher species richness of methanogens occurs where lower 
richness of the aerobic species occur.  The discrepancy between rarefaction curves and 
the figures for total number of OTU is due to an insufficient sampling effort for 
methanogens and methanotrophs and a different number of sequences obtained for each 
port level and functional gene.  The rarefaction curves, therefore, provide a more reliable 
indication of species richness estimates, and the analysis concerning the total number of  
Interestingly, throughout the columns there are shifts that occur in microbial 
communities, soil organic and moisture content, and water nutrients.  These shifts do not 
all coincide together, however different trend shifts may coincide with certain steps in the 
PCE degradation scheme.  From the bottom to the center of the columns, there is a 
significant shift in microbial communities but not in the soil or water parameters that 
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were measured.  The zone of the columns where the community shift occurs corresponds 
to the change from PCE degradation to TCE degradation.  Throughout the top halves of 
the columns though, there are significant changes in soil and water parameters but not 
much concerning microbial community compositions.  The zone where the shifts in soil 
and water parameters occur corresponds more to the degradation of TCE and its 
degradation daughter products DCE and VC.  The difference in parameter shifts makes 
sense because PCE degradation, which is occurring in the lower portions of the columns, 
is carried out by anaerobic bacterial species that cannot survive as well in more aerobic 
conditions that support the degradation of TCE, DCE, and VC.  The degradation of all of 
these daughter products, which occurs mostly throughout the top portions of the columns, 
is managed by the more aerobic species of bacteria that also influence the water 
chemistry.  Degradation of each daughter product may be supported by different nutrient 
and organic contents, such as those differences that occur in the upper portions of the 
columns.  Some species that are capable of degrading PCE and all daughter products, 
such as Dehalococcoides ethenogenes (Regeard, 2005), may play the same role 
throughout the height of the columns.   
 
The presence of methanotrophs, methanogens, and ammonia oxidizers is apparent 
through both molecular detection methods and by trends in methane, ammonia, nitrate, 
and nitrite concentrations.  The increasing concentration of methane from the bottom to 
the center of each column (Mukherjee, 2008; Figures 56 and 57) suggests the presence of 
methanogens, while the decreasing concentration of methane from the center to the top of 
each column suggests the presence of methanotrophs.  Higher methane concentrations in 
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the control columns (Figure 57) indicates that there are more reducing conditions in the 
absence of plants, and a general decrease in sulfate concentration with height in all 
columns (Tritschler, 2007; Figures 62-64) shows the presence of some reducing 
conditions throughout.  It is important to remember that an increase in concentration is 
the result of more production than consumption, rather than the occurrence of production 
only, and vice versa.  Due to the detection of all functional groups at all positions in the 
columns, it can be assumed that methane is being consumed to a small degree at the 
lower levels of the columns but is outweighed by a high production of methane.  
Conversely, methane is being produced in the higher portions of the columns but is 
outweighed by a high consumption rate.  The role of ammonia oxidizers can be seen in 
the nutrient data where ammonia concentrations decrease as nitrate and/or nitrite increase 
(Figures 40-42).  The increase in nitrate and nitrite concentrations is more apparent in the 
non-planted columns, presumably due to the consumption of nitrogen sources by plant 
roots in the planted columns.  The consumption of nitrogen by plant roots is suggested by 
the lower concentration of combined nitrogen in the planted columns than in the non-
planted columns (Figures 47 and 48).  Sources of nitrogen, where nitrogen increases, 
would come from nitrogen fixation and the degradation or plant/soil organic matter, 
which may be more prevalent in the non-planted columns.  The increase in combined 
nitrogen concentrations in the non-planted columns also coincides with a decrease in soil 
and root organic contents from non-planted to planted columns (Figures 51 and 52).   
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Figure 56: Methane concentrations in Scirpus atrovirens and Carex comosa columns, combined, during 
2006.  Data collected by Dibyendu Mukherjee (2008) in Dr. Abinash Agrawal’s lab. 
 
 
Figure 57: Methane concentrations in control columns during 2006.  Data collected by Dibyendu 
Mukherjee (2008) in Dr. Abinash Agrawal’s lab. 
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Figure 58: PCE concentrations in Scirpus atrovirens and Carex comosa columns, combined,  during 2006.  
Data collected by Dibyendu Mukherjee (2008) in Dr. Abinash Agrawal’s lab. 
 
Figure 59: PCE concentrations in control columns during 2006.  Data collected by Dibyendu Mukherjee 
(2008) in Dr. Abinash Agrawal’s lab. 
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Figure 60: TCE concentrations in Scirpus atrovirens and Carex comosa columns, combined,  during 2006.  
Data collected by Dibyendu Mukherjee (2008) in Dr. Abinash Agrawal’s lab. 
 
Figure 61: TCE concentrations in control columns during 2006.  Data collected by Dibyendu Mukherjee 
(2008) in Dr. Abinash Agrawal’s lab. 
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Figure 62: Sulfate concentrations in a Carex comosa column through 2006-2007.  Data collected by Sarah 
Tritschler (2007)  in Dr. Abinash Agrawal’s lab.   
 
Figure 63: Sulfate concentrations in a Scirpus atrovirens column through 2006-2007.  Data collected by 
Sarah Tritschler (2007) in Dr. Abinash Agrawal’s lab.   
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Figure 64: Sulfate concentrations in a control column through 2006-2007.  Data collected by Sarah 
Tritschler (2007) in Dr. Abinash Agrawal’s lab.   
 
This project has identified communities of bacteria that are capable of degrading PCE 
and its breakdown daughter products TCE, DCE, and VC in greenhouse wetland 
treatment reactors.  These organisms likely contribute to the degradation of chlorinated 
ethenes to a level below the EPA drinking water standard for PCE (5 ppb).  The 
identification of similar microbial communities in a wetland site could indicate the ability 
of a new site to bioremediate chlorinated compounds.  If a site does not have these 
organisms present, then an inoculation of similar communities could be used to “jump-
start” the bioremediation process. 
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Figure 65: Summary of relative data for methanogens in Scirpus sp. planted columns.  Root 
content, NH3, NO2, and NO3 data collected winter 08 (Dec -07 to Mar 08); CH4, TCE, and PCE 
data collected Nov 07; DO data collected Oct 06; and methanogen data, which are OTUs at the 
lowest sample number among ports (31 samples) collected Sep 06. 
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Figure 66: Summary of relative data for methanogens in unplanted control columns.  Root 
content, NH3, NO2, and NO3 data collected winter 08 (Dec -07 to Mar 08); CH4, TCE, and PCE 
data collected Nov 07; DO data collected Oct 06; and methanogen data, which are OTUs at the 
lowest sample number among ports (23 samples) collected Sep 06. 
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Figure 67: Summary of relative data for methanotrophs in Scirpus sp. planted columns.  Root 
content, NH3, NO2, and NO3 data collected winter 08 (Dec -07 to Mar 08); CH4, TCE, and PCE 
data collected Nov 07; DO data collected Oct 06; and methanotroph data, which are OTUs at the 
lowest sample number among ports (30 samples) collected Sep 06. 
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Figure 68: Summary of relative data for methanotrophs in unplanted control columns.  Root 
content, NH3, NO2, and NO3 data collected winter 08 (Dec -07 to Mar 08); CH4, TCE, and PCE 
data collected Nov 07; DO data collected Oct 06; and methanotroph data, which are OTUs at the 
lowest sample number among ports (21 samples) collected Sep 06. 
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Figure 69: Summary of relative data for ammonia oxidizing bacteria (AOB) in Scirpus sp. planted 
columns.  Root content, NH3, NO2, and NO3 data collected winter 08 (Dec -07 to Mar 08); CH4, 
TCE, and PCE data collected Nov 07; DO data collected Oct 06; and AOB data, which are OTUs 
at the lowest sample number among ports (38 samples) collected Sep 06. 
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Figure 70: Summary of relative data for ammonia oxidizing bacteria (AOB) in unplanted control 
columns.  Root content, NH3, NO2, and NO3 data collected winter 08 (Dec -07 to Mar 08); CH4, 
TCE, and PCE data collected Nov 07; DO data collected Oct 06; and AOB data, which are OTUs 
at the lowest sample number among ports (20 samples) collected Sep 06. 
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Relationship to other works 
Although no work of a similar nature with microbial mesocosms has been done to my 
knowledge there are some interesting relationships to what is know about wetland 
structure and bioremediation. The early work by Mancinelli (1995), Atlas and Bartha 
(1998), Lee et al (1998), and Kent andTriplett (2002) suggested that these organisms 
exist and could have a role in both nutrient cycling and cometabolic degradation of 
chlorinated ethenes. Lorah and Olsen (1999) described degradation activities but had no 
evidence of which bacteria or chemical reactions might be involved. Although it is 
commonly understood that plants (Rovira 1965) influence their environment, my study 
clearly suggests that the observations by the previous authors need to include the relevant 
role of plants as partners to microbes. While Armstrong et al (2000) and Thompson 
(2008) suggest that the roots may provide strong support to microbes dependent on 
oxygen, this study shows how deep aerobic activity can exist within wetland soils. Well 
known texts, such as Wetlands by Mitsch and Gosselink (2007), promote a layered 
structure for anaerobic and aerobic zones within a wetland.  My study suggests that 
wetland soils are a deep matrix of microhabitats with oxygen coming from roots and 
potentially groundwater and that that oxygen causes a three (perhaps four, including 
time) dimensional gradient of oxidizing and reducing habitats to form. Furthermore, the 
results of my rarefaction study support the large body of literature arising in journals like 
Applied and Environmental Microbiology that show an extremely diverse and even 
assemblage of microbes in every place sampled.  Likewise, my work takes that one step 
further and shows that within specific functional groups there is exceptional diversity. 
Recent studies of methanogens in fens, such as that by Galand et al (2002), suggest a 
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growing interest in the microbiology of flowing groundwater dominated wetlands, and 
my study may suggest a way to study these reactions in a more controlled fashion.  
 
Future projects 
Although this project has characterized the microbial communities of methanogens, 
methanotrophs, and ammonia oxidizing bacteria present in mesocosms capable of 
degrading chlorinated ethenes, it does not address the actual functioning or numbers of 
individual microbial identities.  Real-time, reverse transcription PCR for the functional 
genes pAMO, pMMO, and mcrA would reveal the activity of ammonia oxidizers, 
methanotrophs, and methanogens, respectively.  Individual species efficiencies might be 
determined by growing pure cultures of some of the microbes identified in this study in 
microcosms, exposing them to chlorinated ethenes (CEs), and measuring chlorinated 
compound concentrations and gene expression activity.  By creating separate microcosms 
with various CEs or concentrations of CEs in the same microcosms over time, the 
optimal efficiency of chlorinated ethene degradation by individual microbial species 
could be obtained.  Degradation and metabolism by-products could be measured to 
determine contaminant degradation completeness or the overall influence on the system 
chemistry by certain bacteria. As of this writing Stephen VonMohr  in the Amon Lab is 
researching aerobic microcosms and TCE degradation and David Duell also in the Amon 
Lab is researching Anaerobic microcosms degrading PCE.  Their projects will also be 
repeated using inocula from the W.P.A.F.B.  treatment wetland to determine microbial 
community similarities or the influence of a mix of plant species, or at the Valle Greene 
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control site in order to determine what the microbial community composition would be 
without exposure to PCE. 
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VII. APPENDIX 
 
Appendix A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix A illustrates the treatment wetland cell design at Wright Patterson Air Force Base.  The above 
diagram is a cross section of half of the wetland, the diagram below that depicts the pipe layout for 
pumping water through the system (Diagram from Amon et al., 2006). 
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Appendix B 
 
 
Appendix B shows the greenhouse column design.  Note that measurements are in inches, and that the soil 
sampling ports are at the approximate heights of the water sampling ports.  Samples are collected from all 
soil ports in increasing sequential order from top to bottom, and an additional sample is collected from just 
below the overflow.  Soil from ports 2, 3, and 5 are processed for DNA sequences, and the remaining soil 
samples are archived for possible future use.  This illustration has been taken from Bishop, 2006. 
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Appendix C 
 
Appendix C is a schematic diagram demonstrating the pump and tubing placement for the 
greenhouse mesocosm system.  Diagram from Bishop, 2006.
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Appendix D 
(A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix D shows the phyla characterized by Bishop (2006) and relative percentages, arranged by depth 
level (A) and plant species (B) in the greenhouse mesocosms 
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Appendix E 
NMS Medium (from the Handbook of Microbiological Media, p. 657) 
Noble agar, 12.5 g 
MgSO4•7H2O, 1 g 
KNO3, 1 g 
NaHPO4•12H2O, 0.717 g 
KH2PO4, 0.272 g 
CaCl2•6H2O, 0.2 g 
Fe-NH4+ EDTA, 4 mg 
Trace Element Solution, 0.5 mL 
Add all components to ~100mL dH2O, bring to 1 L.  Mix thoroughly, gently heating to 
boil.  Adjust to pH 6.8, distribute, and autoclave. 
Trace Element Solution: 
Disodium EDTA, 0.5 g 
FeSO4•7H2O, 0.2 g 
H3BO3, 0.03 g 
CoCl2•6H2O, 0.02 g 
ZnSO4•7H2O, 0.01 g 
MnCl2•4H2O, 3.0 mg 
NaMoO4•2H2O, 3.0 mg 
NiCl2•6H2O, 2.0 mg 
CaCl2•2H2O, 1.0 mg 
Add components, bring to 1 L, and mix thoroughly. 
Temperature: 25°C (45°C for Methylococcus capsulatus) 
pH: 6.8 
Atmosphere: Aerobic 
 
Zeikus Methanogen Medium (from Handbook of Microbiological Media, p. 580) 
Inorganic Salts Solution, 500 mL 
Vitamin Solution, 500 mL 
Na2S•9H2O Solution, 10 mL 
Prepare under 95% N2 + 5% CO2.  Aseptically and anaerobically combine sterile 
components, mix thoroughly, and distribute into Hungate tubes. 
Inorganic Salts Solution: 
Distilled H2O, 500 mL 
K2HPO4•3H2O, 1.45 g 
NH4Cl, 1.0 g 
KH2PO4, 0.75 g 
MgCl2•6H2O, 0.2 g 
Nitrilotriacetic acid, 0.04 g 
CaCl2•2H2O, 0.02 g 
FeCl2•4H2O, 3.6 mg 
CoCl2•6H2O, 1.5 mg 
MnCl2•4H2O, 0.9 mg 
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ZnCl2, 0.9 mg 
H3BO3, 0.17 mg 
Na2MoO4•2H2O, 0.09 mg 
Add nitrilotriacetic acid to 250 mL dH2O, dissolve by adjusting pH to 6.5 with KOH, and 
add the remaining components before adjusting pH to 7.2 with H2SO4 or KOH.  Add 
dH2O to 500 mL and filter sterilize. 
Vitamin Solution:  
Distilled H2O, 500 mL 
Pyridoxine•HCl, 1.0 mg 
p-Aminobenzoic acid, 0.5 mg 
Ca-D-pentothenate, 0.5 mg 
Nicotinic acid, 0.5 mg 
Riboflavin, 0.5 mg 
Thiamine•HCl, 0.5 mg 
Biotin, 0.2 mg 
Folic acid, 0.2 mg 
Vitamin B12, 0.01 mg 
Add components to 250 mL dH2O, bring to 500 mL with dH2O, mix, and filter sterilize. 
Na2S•9H2O Solution: 
Distilled H2O, 10 mL 
Na2S•9H2O, 0.3 g 
Add components, mix thoroughly, autoclave 15 min/121°C, and let cool to 25°C. 
 
ATCC Broth #2265 (Ammonia Oxidizing Media – Nitrosomonas europeae) 
Solution1: 
(NH4)2SO4 (for 50 mM NH4+), 4.95 g 
KH2PO4, 0.62 g 
MgSO4, 0.27 g 
CaCl2, 0.04 g 
FeSO4 (30 mM in 50 mM EDTA at pH 7.0), 0.5 mL 
CuSO4, 0.0002 g 
Distilled water, 1.2 L 
Autoclave 
Solution 2: 
KH2PO4, 8.2 g 
NaH2PO4, 0.7 g 
Distilled water, 300.0 mL 
Bring to pH 8.0 with 10 N NaOH.  Autoclave 
Solution 3 (buffer): 
Na2CO3 anhydrous, 0.6 g 
Distilled water, 12.0 mL 
Autoclave 
Combine Solutions 1 and 2.  Add solution 3 and filter-sterilize.  Aseptically dispense into 
desired aliquots. 
Temperature: 26°C 
Atmosphere: Aerobic 
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H-K Medium (modified from A. Krummel and H. Harms, Arch.Microbiol. 133: 50-54, 
1982) 
Milli-Q water, 1000 mL 
(NH4)2SO4 (= 10 mM NH4+), 660 mg 
NaCl, 585 mg 
KH2PO4, 55 mg 
MgSO4•7H2O, 49 mg 
CaCl2•2H2O, 147 mg 
KCl, 75 mg 
0.04% Broomthymolblauw solution*, 8 mL 
Trace solution S8**, 1 mL 
Hepes buffer, 10 g 
Dissolve all components except phosphate  in about 800 mL Milli-Q water and adjust 
pHto 7.6-7.8, then fill to 1 L.  Autoclave and dispense into sterile, 250 mL flasks. 
*0.04% Broomthymolblauw solution:   
Broomthymolblauw, 100 mg 
Milli-Q water, 250 mL 
Note: does not dissolve completely 
**Trace solution S8: 
Milli-Q, 1 L 
Na2-EDTA, 4.292 g 
FeCl2•4H2O, 1.988 mg 
MnCl2•2H2O, 81 mg 
NiCl2•6H2O, 24 mg 
CoCl2•6H2O, 24 mg 
CuCl2•2H2O, 17 mg 
ZnCl2, 68 mg 
Na2MoO4•2H2O, 24 mg 
H3BO3, 62 mg 
Add all components to Milli-Q water, dissolving each salt before the addition of the next. 
 
Appendix E gives the formulations of media used to grow positive control cultures of 
methanogens, methanotrophs, and ammonia oxidizing bacteria 
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Appendix F 
 
Appendix F shows a diagram of the Stratagene Strataclone © plasmid pSC-A-Amp, 
showing the lacZ gene, ampicillin resistance gene, the EcoR1 restriction sites, and the 
pUC origin of replication 
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Appendix G 
 
>BG3.2.05A  626      0    626    
GGCCAGTGAGCGCGCTAATACGACTCACTATAGGGCGAATTGGAGCTCCCGCGTGCCCGCTNCTAGAACTA
GTGGATCCCCCGGGACTGCAGCAATGTGGAATTCGCCCTTGGGACTGGGACTTCTGGACTGACTGGAAAGA
CCGCCGTCTGTGGGTAACTGTATTGCCAATCGTTGGTATTACATTCCCAGCTGCAGTTCAAGCAGTTCTTT
GGTACCGTTACCGTCTGCCATTCGGCGCTATGCTGGCTGTTTTGGGTCTGCTGTTCGGCGAATGGGTTAAC
AGATACTTCAACTTCTGGGGATGGACTTACTTCCCAGTTAACTTTGTATTCCCATCACAATTCGTTCCAGG
CGCTCTGGTTCTGGACGTAATCCTGATGTTGTCAAACAGCATGCAGTTGACTGCTGTTCTGGGTGGCTTGG
CTTATGGTCTGTTGTTCTATCCTGGCAACTGGCCTGTCATCGCTCCATTGCACGTGCCAGTTGAATACAAT
GGCATGGTAATGACCCTGGCTGACTTGCAAGGTTACCACTATGTAAGAACTGGTACTCCAGAATACATTCG
GATGGTTGAAAAAGGTACTTTGAGAACTTTCGGTAAAGACGTTGCGCCAAGGCAATTT 
Tblastx:  
Accession: gb|AF150785.1|  
Methylobacter sp. LW1 particulate methane monooxygenase protein  
A (pmoA) gene, partial cds 
Length=508 
 
 Score = 421 bits (914),  Expect = 2e-115 
 Identities = 165/168 (98%), Positives = 168/168 (100%), Gaps = 0/168 
(0%) 
 Frame = +3/+1 
 
Query  114  
DWDFWTDWKDRRLWVTVLPIVGITFPAAVQAVLWYRYRLPFGAMLAVLGLLFGEWVNRYF  293 
            
DWDFWTDWKDRRLWVTVLPIVGITFPAAVQAV+WYR+RLPFGAMLAVLGLLFGEWVNRYF 
Sbjct  4    
DWDFWTDWKDRRLWVTVLPIVGITFPAAVQAVVWYRWRLPFGAMLAVLGLLFGEWVNRYF  183 
 
Query  294  
NFWGWTYFPVNFVFPSQFVPGALVLDVILMLSNSMQLTAVLGGLAYGLLFYPGNWPVIAP  473 
            
NFWGWTYFPVNFVFPSQFVPGA+VLDVILMLSNSMQLTAVLGGLAYGLLFYPGNWPVIAP 
Sbjct  184  
NFWGWTYFPVNFVFPSQFVPGAIVLDVILMLSNSMQLTAVLGGLAYGLLFYPGNWPVIAP  363 
 
Query  474  LHVPVEYNGMVMTLADLQGYHYVRTGTPEYIRMVEKGTLRTFGKDVAP  617 
            LHVPVEYNGMVMTLADLQGYHYVRTGTPEYIRMVEKGTLRTFGKDVAP 
Sbjct  364  LHVPVEYNGMVMTLADLQGYHYVRTGTPEYIRMVEKGTLRTFGKDVAP  507 
 
 Score =  296 bits (640),  Expect = 3e-89 
 Identities = 123/129 (95%), Positives = 126/129 (97%), Gaps = 0/129 
(0%) 
 Frame = -2/-3 
 
Query  616  
GATSLPKVLKVPFSTIRMYSGVPVLT*W*PCKSARVITMPLYSTGTCNGAMTGQLPG*NN  437 
            GATSLPKVL 
VPFSTIR+YSGVPVLT*W*PCKSARVITMPLYSTGTCNGAMTGQLPG*NN 
Sbjct  506  
GATSLPKVLSVPFSTIRIYSGVPVLT*W*PCKSARVITMPLYSTGTCNGAMTGQLPG*NN  327 
 
Query  436  
RP*AKPPRTAVNCMLFDNIRITSRTRAPGTNCDGNTKLTGK*VHPQKLKYLLTHSPNSRP  257 
 146
            RP*AKPPRTAVNCML D+IRITSRT 
APGTNCDGNTKLTGK*VHPQKLKYLLTHSPNSRP 
Sbjct  326  
RP*AKPPRTAVNCMLLDSIRITSRTIAPGTNCDGNTKLTGK*VHPQKLKYLLTHSPNSRP  147 
 
Query  256  KTASIAPNG  230 
            +TASIAPNG 
Sbjct  146  RTASIAPNG  120 
 
 Score = 60.2 bits (125),  Expect = 3e-89 
 Identities = 25/26 (96%), Positives = 25/26 (96%), Gaps = 0/26 (0%) 
 Frame = -2/-3 
 
Query  190  GNVIPTIGNTVTHRRRSFQSVQKSQS  113 
            G VIPTIGNTVTHRRRSFQSVQKSQS 
Sbjct  80   GKVIPTIGNTVTHRRRSFQSVQKSQS  3 
 
 Score =  208 bits (448),  Expect = 5e-81 
 Identities = 81/96 (84%), Positives = 87/96 (90%), Gaps = 0/96 (0%) 
 Frame = -1/-2 
 
Query  614  
RNVFTESSQSTFFNHPNVFWSTSSYIVVTLQVSQGHYHAIVFNWHVQWSDDRPVARIEQQ  435 
            RNV TESSQ TFFNHP++FWST 
SYIVVTLQVSQGHYHA+VFNWHVQWSDDRPVARIEQQ 
Sbjct  504  
RNVLTESSQCTFFNHPDIFWSTGSYIVVTLQVSQGHYHAVVFNWHVQWSDDRPVARIEQQ  325 
 
Query  434  TISQATQNSSQLHAV*QHQDYVQNQSAWNEL*WEYK  327 
             ISQA QN SQLHAV QHQ+YVQN  AWNEL*WE++ 
Sbjct  324  AISQAAQNRSQLHAVRQHQNYVQNDCAWNEL*WEHE  217 
 
 Score =  120 bits (257),  Expect = 5e-81 
 Identities = 43/55 (78%), Positives = 45/55 (81%), Gaps = 0/55 (0%) 
 Frame = -1/-2 
 
Query  275  FAEQQTQNSQHSAEWQTVTVPKNCLNCSWECNTNDWQYSYPQTAVFPVSPEVPVP  
111 
            FAEQQ QNSQH AEWQT T+P NCLN  WE NTNDWQY YPQT VFP+ PEVPVP 
Sbjct  165  FAEQQAQNSQHCAEWQTPTIPHNCLNSGWESNTNDWQYGYPQTTVFPIGPEVPVP  1 
 
 Score =  261 bits (565),  Expect = 3e-67 
 Identities = 137/168 (81%), Positives = 141/168 (83%), Gaps = 0/168 
(0%) 
 Frame = +2/+3 
 
Query  113  
GLGLLD*LERPPSVGNCIANRWYYIpscssssslvplpsAIRRYAGCFGSAVRRMG*QIL  292 
            GLGLLD LERP SVGN IANRWYY PS  SSS +V L SAIRR AGC G AVRRMG*QI  
Sbjct  3    
GLGLLDRLERPSSVGNRIANRWYYFPSRCSSSCVVSLASAIRRNAGCSGPAVRRMG*QIF  182 
 
Query  293  
QLLGMDLLPS*LCIPITIrsrrsgsgrNPDVVKQHAVDCCSGWLGLWSVVLSWQLACHRS  472 
            QLLGMDLLPS*L +PITIRSRR+ SGRN D V QHAVDC SG LGLW VVLSWQLA 
HRS 
 147
Sbjct  183  
QLLGMDLLPS*LRVPITIRSRRNRSGRNSDAV*QHAVDCGSGRLGLWPVVLSWQLAGHRS  362 
 
Query  473  IARAS*IQWHGNDPG*LARLPLCKNWYSRIHSDG*KRYFENFR*RRCA  616 
            IARAS*IQ HGNDPG*LARLPLCKN YSRI+ DG*KRY ENFR* RCA 
Sbjct  363  IARAS*IQRHGNDPG*LARLPLCKNRYSRIYPDG*KRYTENFR*GRCA  506 
 
 Score =  194 bits (418),  Expect = 6e-67 
 Identities = 85/102 (83%), Positives = 87/102 (85%), Gaps = 0/102 (0%) 
 Frame = -3/-1 
 
Query  615  
AQRLYRKFSKYLFQPSECILEYQFLHSGNLASQPGSLPCHCIQLARAMER*QASCQDRTT  436 
            AQR YRKFS YLFQPS  ILEY+FLHSGNLASQPGSLPC CIQLARAMER* 
ASCQDRTT 
Sbjct  505  
AQRPYRKFSVYLFQPSGYILEYRFLHSGNLASQPGSLPCRCIQLARAMER*PASCQDRTT  326 
 
Query  435  DHKPSHPEQQSTACCLTTSGLRPEPERLERIVMGIQS*LGSK  310 
             HKPS PE QSTACC T S LRPE  RLERIVMG +S*LGSK 
Sbjct  325  GHKPSRPEPQSTACC*TASELRPERLRLERIVMGTRS*LGSK  200 
 
 Score = 87.2 bits (184),  Expect = 6e-67 
 Identities = 38/52 (73%), Positives = 44/52 (84%), Gaps = 0/52 (0%) 
 Frame = -3/-1 
 
Query  267  TADPKQPA*RRMADGNGTKELLELQLGM*YQRLAIQLPTDGGLSSQSRSPSP  112 
            TA P+QPA RRMAD N T +LLE +LG *YQRLAI+LPTD GLS++SRSPSP 
Sbjct  157  TAGPEQPALRRMADANDTTQLLEQRLGK*YQRLAIRLPTDDGLSNRSRSPSP  2 
 
 Score =  191 bits (412),  Expect = 5e-65 
 Identities = 80/95 (84%), Positives = 82/95 (86%), Gaps = 0/95 (0%) 
 Frame = +1/+2 
 
Query  334  
SHHNSFQALWFWT*S*CCQTACS*LLFWVAWLMVCCSILATGLSSLHCTCQLNTMAW**P  513 
            SHHNSFQA  FWT* *CC TACS*L FW AWLM CCSILATG SSLHCTCQLNT 
AW**P 
Sbjct  224  
SHHNSFQAQSFWT*F*CCLTACS*LRFWAAWLMACCSILATGRSSLHCTCQLNTTAW**P  403 
 
Query  514  WLTCKVTTM*ELVLQNTFGWLKKVL*ELSVKTLRQ  618 
            WLTCKVTTM*E VLQN  GWLKKV *ELSV+TLR+ 
Sbjct  404  WLTCKVTTM*EPVLQNISGWLKKVH*ELSVRTLRR  508 
 
 Score = 83.5 bits (176),  Expect = 5e-65 
 Identities = 33/43 (76%), Positives = 33/43 (76%), Gaps = 0/43 (0%) 
 Frame = +1/+2 
 
Query  148  VCG*LYCQSLVLHSQLQFKQFFGTVTVCHSALCWLFWVCCSAN  276 
            VCG* YCQSLVL SQ  FKQ  G V VCHSA CWLFW CCSAN 
Sbjct  38   VCG*PYCQSLVLLSQPLFKQLCGIVGVCHSAQCWLFWACCSAN  166 
Query: 508 
Rev/Comp 
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Appendix G is an example of a BLAST sequence alignment.  The sequence name and nucleotides are in 
fasta sequence format; the name of the sequence is indicated by a “>” and the following line, separated 
from the nucleotide sequence by a hard return.  The sequence name begins with the sequencing submitter 
name for EEGL (BG), followed by the column number (3), port number (2), and the port replicate number 
(05), separated by periods, and finally the primer set code (A for pmoA, B for mcrA, and C for amoA).  
The remaining numbers in the sequence name represent the number of nucleotides obtained from 
sequencing (626 in this case, repeated twice), and the number of anomalies as determined by the 
sequencing machine (0 in this case).  Highlighted nucleotides in this sequence are outside of the query 
coverage range, as determined by the highest and lowest Query numbers in the multiple alignments below.  
BLAST alignment per cent homology is shown as “positives” in the top line of multiple alignments (100% 
in this case), as well as the score (421 bits) and E value (2e-115).  The number of nucleotides included in 
the query coverage is shown at the end of the multiple alignments (508), and sequences that have been 
reverse/complemented (if a significant portion of the multiple alignments have Query values in descending 
order) are designated by the highlighted Rev/Comp.  The sequence font is green because sequence 
alignments were originally designated as poor, moderate, or good using font colors that were red, blue, or 
green, respectively. 
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Appendix H 
Appendix H.1: P-values for water nutrient analysis between port levels in All Columns 
(Figure 35).  Differences that are significant (p < 0.05) are highlighted in yellow. 
All Columns p-
values between 
ports: pH 
Conductivity 
(uS) 
NO2-N 
(mg/L) 
NO3-N 
(mg/L) 
NH3-N 
(mg/L) 
PO4-P 
(mg/L) 
7 Out 0.001 0.354 0.599 1.5E-06 0.003 0.007 
6 7 0.215 2.8E-08 0.200 0.323 0.010 0.131 
5 6 0.562 0.495 0.818 0.546 0.655 0.021 
4 5 0.092 7.6E-05 0.006 0.112 0.042 9.6E-06 
3 4 0.051 0.296 0.100 5.5E-06 1.7E-05 0.012 
2 3 0.049 4.4E-04 0.891 1.2E-04 4.6E-06 4.5E-18 
1 2 0.013 0.274 0.016 0.001 5.2E-05 9.6E-10 
In 1 0.067 0.001 4.9E-06 0.277 0.001 0.165 
 
 
 
Appendix H.2: P-values for water nutrient analysis between port levels in Planted 
Columns (Figure 36).  Differences that are significant (p < 0.05) are highlighted in 
yellow. 
Planted 
Columns p-
values 
between ports: pH 
Conductivity 
(uS) 
NO2-N 
(mg/L) 
NO3-N 
(mg/L) 
NH3-N 
(mg/L) 
PO4-P 
(mg/L) 
7 Out 0.004 0.229 0.210 0.016 0.067 0.003 
6 7 0.022 1.9E-07 0.148 0.943 0.007 0.788 
5 6 0.783 0.259 0.816 0.457 0.101 0.251 
4 5 0.272 2.9E-04 0.861 0.193 0.077 2.0E-10 
3 4 0.045 0.322 0.779 0.000 0.217 0.867 
2 3 0.025 0.010 0.001 0.001 0.020 2.7E-13 
1 2 0.033 2.9E-04 0.072 0.010 0.001 1.1E-11 
In 1 0.047 0.001 0.751 0.680 0.020 0.827 
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Appendix H.3: P-values for water nutrient analysis between port levels in Non-Planted 
Columns (Figure 37).  Differences that are significant (p < 0.05) are highlighted in 
yellow. 
Non-Planted 
Columns 
p=values 
between 
ports:  pH 
Conductivity 
(uS) 
NO2-N 
(mg/L) 
NO3-N 
(mg/L) 
NH3-N 
(mg/L) 
PO4-P 
(mg/L) 
7 Out 0.040 0.856 0.577 0.080 0.084 0.733 
6 7 0.523 0.724 0.218 0.358 0.026 0.081 
5 6 0.635 0.115 0.922 0.646 0.124 0.198 
4 5 0.209 0.258 0.013 0.739 0.649 0.819 
3 4 0.298 0.696 0.494 0.061 5.4E-06 2.9E-03 
2 3 0.407 2.0E-04 0.334 0.015 0.004 2.9E-05 
1 2 0.032 0.143 0.022 0.007 8.1E-05 0.183 
In 1 0.873 0.074 0.002 0.106 0.031 3.2E-05 
 
 
 
Appendix H.4: P-values between planted and non-planted control columns (Figures 36 
and 37) at each port level.  Differences that are significant (p < 0.05) are highlighted in 
yellow. 
Planted 
vs. 
Non-
Planted 
Port p-
values 
Port 
Height 
(cm) 
pH p-
value 
Conductivity 
p-value 
NO2-N 
p-value 
NO3-N 
p-value 
NH3-N 
p-value 
PO4-P 
p-value  
Out 145 0.446 6.5E-06 0.459 4.0E-08 0.347 0.314 
7 130 0.196 1.6E-06 0.041 0.287 0.026 0.556 
6 114 0.002 0.003 0.834 0.858 0.152 0.004 
5 91 0.011 6.8E-06 0.862 0.243 3.7E-04 9.3E-05 
4 69 0.002 0.034 1.7E-04 0.028 0.015 0.302 
3 53 0.267 0.234 6.2E-06 0.062 3.2E-04 0.002 
2 38 0.506 1.0E-10 0.568 0.240 0.333 0.007 
1 23 0.499 0.133 7.2E-08 0.563 0.029 0.001 
In  3 0.392 0.138 0.486 0.254 0.002 0.052 
 
